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ABSTRACT 

field  and  material  dependent  parameters.  The  dielectric  constant  and  loss 
tangent  of  gelled  epoxy  samples  are  measured  and  reported  as  functions  of 
frequency  and  temperature.  This  information  is  used  to  develop  a theoreti- 
cal model  for  the  microwave  heating  behavior  of  an  epoxy  during  cure.  The 
results  of  actual  high  power  heating  experiments  are  compared  with  the 
theoretical  predictions.  Physical  mechanisms  responsible  for  the  observed 
behavior  are  proposed.  — 

Best  agreement  between  the  theoretical  model  and  the  high  power 
heating  experiments  is  obtained  by  assuming  that  the  curing  epoxies 
exhibit  a bulk  loss  tangent  close  to  that  of  pure  water,  rather  than  the 
value  measured  for  the  gelled  epoxy,  and  a dielectric  constant  approxi- 
mately equal  to  that  of  the  gelled  material.  This  phenomena  is  attributed 
to  hydroxyl  groups  both  present  in  the  uncured  material  and  formed  during 
cure.  It  is  proposed  that  rapid  microwave  heating  results  due  to  energy 
absorption  by  these  dipolar  groups.  Anomalies  in  the  experimental  heating 
data  are  attributed  to  the  promotion  of  exothermic  chemical  reactions 
involved  in  the  cure. 

The  observed  dielectric  properties  of  the  epoxies  suggest  a depth 
of  penetration  sufficient  for  uniform  cure  of  thick  cross  sections  of 
epoxy.  The  rate  of  microwave  heating  is  observed  to  be  extremely  rapid. 

It  is  concluded  that  the  use  of  microwave  heating  to  promote  the  cure  of 
thick  fiberglass/epoxy  laminate  structures  is  a viable  alternative  to 
conventional  methods. 
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CHAPTER  I 


INTRODUCTION 

Fiberglass  laminates  have  widespread  application  due  to  their 
superior  chemical  and  mechanical  properties.  One  form  of  these  materials 
consists  of  alternating  layers  of  epoxy  and  glass  cloth.  The  combined 
properties  of  the  epoxy  binder  and  glass  webbing  result  in  a strong, 
lightweight  structural  material. 

The  fabrication  process  for  these  materials  includes  the  hardening, 
or  cure,  of  the  liquid  epoxy  resin/curing  agent  system.  The  conventional 
curing  technique  involves  promotion  of  a polymerizing  chemical  reaction 
by  heating  the  laminate  structure  in  a high  temperature  oven.  However, 
this  method  results  in  a temperature  gradient  and  non-uniform  heating  in 
thick  sections  of  the  material  due  to  the  low  thermal  conductivity  of 
both  the  glass  and  epoxy.  Under  these  conditions,  the  core  of  the 
structure  may  not  always  reach  a sufficient  temperature  for  complete  cure 
of  the  epoxy.  This  effect  can  result  in  a weakened  structure  with 
properties  unsuitable  for  its  intended  application. 

The  method  of  radio  frequency  heating  may  produce  the  desired 
uniform  cure  of  thick  fiberglass/epoxy  laminates.  The  advantage  of  this 
technique  is  that  heating  occurs  uniformly  throughout  a dielectric 
volume  exposed  to  an  appropriate  time  dependent  electric  field.  However, 
an  important  consideration  is  that,  in  contrast  to  heating  in  a constant 
temperature  environment,  the  temperature  of  the  material  increases 
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continuously  during  application  of  the  electric  field.  Control  of  the 
radio  frequency  heating  process  is  therefore  required.  Although  the 
temperature  of  the  dielectric  can  be  measured  during  heating,  the  ability 
to  predict  the  heating  behavior  based  on  an  understanding  of  material  and 
field  dependent  parameters  is  desirable  for  the  process  control. 

It  is  proposed  that  radio  frequency  heating  by  microwave  radiation 
is  a viable  solution  to  the  problem  of  obtaining  a uniform  cure  of  the 
epoxies.  In  a similar  application,  microwave  heating  has  been 
successfully  employed  by  industry  for  the  cure  of  urethane  plastic  [1]. 
Microwave  heating  has  also  been  studied  as  it  applies  to  th<  food 
industry  [2,3,4]  and  application  of  this  technique  for  drying  wet 
materials  has  been  investigated  by  the  ceramics  and  lumber  industries 
[5,6,7].  Preliminary  investigations  on  the  dielectric  properties 
of  epoxies  by  Salerno  et  al.  [8]  suggest  microwave  heating  may  be 
successfully  employed  for  the  processing  of  fiberglass/epoxy  laminates. 

The  purpose  of  the  work  presented  in  this  paper  is  to  investi- 
gate the  mechanisms  responsible  for  the  microwave  heating  behavior  of 
epoxy  systems  during  cure.  This  problem  is  approached  by  the  formulation 
of  a mathematical  relation  showing  the  dependence  of  microwave  heating  on 
the  dielectric  properties  of  a material  and  electric  field  parameters. 

The  dielectric  properties  of  the  epoxies  are  then  measured  as  functions 
of  frequency  and  temperature.  Using  this  information,  a theoretical 
model  predicting  the  microwave  heating  behavior  of  an  epoxy  during  cure 
is  developed.  The  results  of  actual  high  power  heating  experiments  are 
compared  with  the  theoretical  predictions  and  physical  mechanisms 
responsible  for  the  observed  behavior  are  proposed.  The  results  of  this 


rr 

effort  show  microwave  heating  to  be  a viable  alternative  to  convention- 
al methods  for  curing  fiberglass/epoxy  laminates. 

Chapters  II  and  III  present,  respectively,  summaries  of  epoxy  chem- 
istry and  dielectric  theory.  Chapter  IV  describes  the  technique  used 
in  measuring  the  dielectric  properties  of  the  epoxies  at  microwave 
frequencies  and  presents  the  results  of  these  measurements.  The  methods 
used  in  the  high  power  heating  experiments  and  an  analysis  of  the  results 
appear  in  Chapter  V.  The  conclusions  discussed  in  Chapter  VI  apply  the 
results  of  this  project  to  the  cure  of  thick  fiberglass/epoxy  laminates 
by  microwave  heating. 


CHAPTER  II 

STRUCTURE  AND  CHEMISTRY  OF  EPOXY 

In  order  to  understand  the  mechanisms  involved  in  microwave  heating 
of  epoxies,  it  is  essential  to  understand  the  basic  chemistry  of  these 
materials.  To  that  end,  this  chapter  is  a discussion  of  the  general 
nature  of  epoxy  resins,  including  their  physical  properties. 

Epoxy  Resins 

Epoxy  resins,  first  synthesized  in  the  late  1930's,  are  among  the 
newest  of  the  major  industrial  plastics.  Epoxy  resins  are  thermosetting 
materials  meaning  that,  when  converted  by  a curing  agent,  they  form  hard, 
infusible  systems.  The  key  to  their  physical  properties  is  that  the 
system  formed  is  a three  dimensional  network  in  which  the  movement  of  a 
molecule  in  any  direction  is  opposed  by  a crosslinking  arrangement  [9]. 

In  contrast,  thermoplastic  resins,  such  as  polyethylene  and 
polyvinyl  chloride,  may  be  considered  to  be  permanently  fusible  compounds. 
Their  structures  can  be  described  as  an  assemblage  of  long,  linear  chains 
lying  together  in  three  dimensions  but,  under  ordinary  conditions,  with- 
out three-dimensional  crosslinking.  The  contrasting  structures  of 
thermosetting  and  thermoplastic  resins  are  diagrammed,  as  viewed  in  a 
two-dimensional  cross-section,  in  Figure  2-1.  Note  that  the  movement  of 
a molecule  in  the  thermoplastic  resin  is  not  restricted  in  all  directions 
due  to  the  lack  of  crosslinking  with  surrounding  molecules. 

The  differences  In  structure  between  thermoplastic  and  thermosetting 
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resins,  such  as  epoxies,  effect  the  macroscopic  properties  of  the 
materials. 
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Figure  2-1:  Two-dimensional  diagrams  illustrating  the  structure 
of  (a)  thermosetting  and  (b)  thermoplastic  materials. 

Unlike  thermosetting  resins,  which  maintain  their  rigid  dimensionality 
throughout  their  design  range,  thermoplastic  materials  will  progressively 
soften  when  heated  and  flow  with  pressure.  Note,  however,  that  the 
design  range  for  some  thermosetting  resins  may  be  extremely  limited. 
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with  their  properties  rapidly  deteriorating  when  these  limits  are 
exceeded.  These  and  other  differences,  such  as  molding  techniques, 
combine  to  make  the  class  of  thermosetting  resins  superior  to  thermo- 
plastics in  many  industrial  applications  [9]. 

The  properties  of  thermosetting  epoxy  resins  that  are  most  important 
in  industrial  applications  are  1)  versatility,  2)  good  hardening  charac- 
teristics, 3)  toughness,  4)  high  adhesive  properties,  5)  low  shrinkage, 
and  6)  inertness  [9].  The  versatility  of  epoxies  is  due  to  the 
availability  of  numerous  curing  agents  and  their  compatibility  with  a 
wide  variety  of  modifiers.  Also,  the  ratio  of  the  amount  of  curing 
agent  to  epoxy  resin  is  not  as  critical  as  with  some  other  thermosetting 
materials.  This  permits  engineering  for  a wide  diversity  in  the 
properties  of  the  cured  epoxy  resin  system.  Cure  can  be  accomplished 
in  almost  any  specified  time  period  by  proper  selection  of  a curing 
agent  and  regulation  of  cure  cycles.  The  cure  of  epoxy  resins  differs 
from  that  of  other  thermosetting  compounds  in  that  no  by-products  result 
since  cure  is  accomplished  by  direct  addition  of  bridging  molecules  [ 9]. 
Shrinkage  is  usually  on  the  order  of  2 percent,  indicating  that  little 
molecular  rearrangement  is  necessary.  Cure  of  other  thermosetting 
materials  involving  condensation  reactions  result  in  significantly  higher 
shrinkage.  The  resulting  structure  of  cured  epoxy  resins,  consisting  of 
ether  groups,  benzene  rings,  and  aliphatic  hydroxyls,  is  chemically 
inert,  being  virtually  invulnerable  to  caustic  ditack,  extremely 
resistant  to  acids,  and  impervious  to  moisture. 
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Structure  and  Characteristics  of  Epoxy  Resins 

The  usable  epoxy  is  a mixture  of  epoxy  resin  and  curing  agent.  The 
structure  and  characteristics  of  epoxy  resins  will  now  be  discussed.  The 
details  of  cure  by  various  curing  agents  will  be  considered  later. 

The  characteristic  feature  of  an  epoxy  resin  molecule  is  the 
reactive  epoxy  group  shown  below: 


These  groups  serve  as  points  of  polymerization.  Crosslinking  and  cure  is 
accomplished  through  these  or  other  groups  resulting  in  a tough,  extremely 
adhesive,  and  inert  solid.  The  most  common  epoxy  molecule  of  commerce 
is  the  diglycidyl  ether  of  bisphenol  A (DGEBA) 


This  structure  is  of  particular  interest  because  the  epoxy  resins 
examined  in  this  research  are  either  completely  composed  of  this  material 
(Epon  828)  or  are  a mixture  of  this  material  and  another  resin  (3M  1009) 
[10].  The  synthesis  of  these  compounds  will  not  be  discussed  here  but 
can  be  found  in  the  literature  [9,11].  Epoxy  resins  with  higher 
molecular  weights  are  also  available.  These  molecules  will,  in  general. 
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also  contain  no  more  than  two  epoxy  groups.  The  general  structure  of  an 
epoxy  resin  Is  represented  as  shown  In  Figure  2-2.  Note  that  each 
molecule  of  the  generalized  epoxy  contains  the  same  number  of  alcoholic 
hydroxyls,  n,  as  there  are  repeated  groups. 


Figure  2-2:  Generalized  epoxy  resin  molecule. 

Comnercial  epoxy  resins  are  available  for  engineering  applications 
with  a wide  range  of  properties.  In  order  to  determine  if  an  epoxy  Is 
suitable  for  a particular  application  It  Is  necessary  to  know  the 
characteristics  of  that  resin.  There  are  six  main  characteristics  of 
epoxy  resins  that  serve  as  guides  for  predicting  their  structure  and 
usefulness.  These  characteristics  are  viscosity,  epoxide  equivalent. 
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hydroxyl  equivalent,  average  molecular  weight  and  molecular  weight 
distribution,  softening  point,  and  heat-distortion  temperature  [ 9]. 

These  criteria  will  now  be  discussed. 

The  viscosity  of  a material  is  essentially  a measure  of  its 
resistance  to  changing  its  form  and  can  be  considered  a sort  of  internal 
friction.  Therefore,  it  is  useful  as  an  indication  of  handling 
properties  and  general  molecular  weight  of  an  epoxy  resin.  A liquid 
resin  with  a high  viscosity  will  be  thicker  and  will  generally  contain 
larger  molecules  than  a similar  material  having  a lower  viscosity.  Epoxy 
resins  are  available  in  a wide  range  of  viscosities;  some  are  so 
viscous  that  they  are  solid  at  room  temperature. 

The  epoxide  equivalent  is  defined  as  the  weight  of  resin,  in  grams, 
that  contains  one  gram  of  chemical  equivalent  epoxy.  A resin  with  a low 
molecular  weight  will  have  an  epoxide  equivalent  in  the  175  to  200  range, 
while  higher  molecular  weight  resins  have  correspondingly  higher  epoxide 
equivalents.  For  the  simplest  chemical  structures  of  the  resins,  a 
linear  chain  with  no  side  branching  and  an  epoxy  group  terminating  each 
end,  the  epoxide  equivalent  is  one  half  the  average  molecular  weight 
of  the  resin.  In  addition  to  traditional  titration  methods,  the  epoxide 
equivalent  can  be  determined  by  infrared  spectroscopy.  Prominent 
absorption  bands  in  the  infrared  spectra  of  epoxy  resins  are  at  2.95,  3.5, 
and  10.95um  and  are  attributed  to  hydroxyl,  methylene,  and  epoxy  groups, 
respectively.  Epoxide  equivalents  are  determined  from  the  changes  in 
band  intensity  that  accompany  the  change  in  percentage  of  these  various 
groups  with  different  molecular  weight  resins. 

Similar  to  the  epoxide  equivalent,  the  hydroxyl  equivalent  is  the 
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weight  of  epoxy  resin  that  contains  one  equivalent  weight  of  hydroxyl 
groups.  Infrared  techniques  are  also  suitable  for  hydroxyl  equivalent 
determination.  In  contrast  to  the  epoxide  equivalent,  the  hydroxyl 
equivalent  will  generally,  in  simpler  structures  having  a high  degree  of 
polymerization,  remain  constant  as  the  molecular  weight  increases. 

In  commercial  epoxy  resins,  the  number  of  repeated  units  appearing 
in  a molecule  of  resin  varies  considerably.  Referring  to  Figure  2-2, 
the  distribution  of  the  percentage  of  molecules  having  different  values 
of  n will  be  weighted.  For  example,  there  may  be  a small  percentage  of 
molecules  having  n = 0 (monomers),  a considerable  number  of  polymers  of 
n = 1 and  n = 2,  a larger  percentage  with  n = 4 and  n = 5,  and  a small 
percentage  with  n > 5.  Due  to  the  weighted  distribution,  the  average 
molecular  weight  would  indicate  the  resin  to  be  entirely  a polymer  of 
n = 4 or  5.  However,  the  actual  percentages  of  each  polymer  present 
are  responsible  for  the  structure  and  properties  of  the  cured  epoxy. 
Thus,  it  is  important  to  know  not  only  the  average  molecular  weight  of 
the  resin,  but  also  the  percentage  of  each  polymeric  specie  that  contri- 
butes to  the  average  molecular  weight.  This  information  is  available 
through  experimentation. 

The  softening  point  is  defined  as  the  temperature  at  which  a resin 
reaches  an  arbitrary  softness  or  viscosity.  It  is  a method  of  qualita- 
tive evaluation  of  uncured  resins  and  relates  directly  to  the  average 
molecular  weight  of  the  material,  as  indicated  by  Figure  2-3. 

In  contrast  to  all  the  previous  characterization  techniques,  the 


heat-distortion  test  is  employed  In  the  evaluation  of  a cured  resin 
system.  The  heat-distortion  temperature  is  the  temperature  at  which  a 
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cured  epoxy  sample  experiences  a predetermined  level  of  distortion  while 
under  a given  mechanical  load.  This  test  is  valuable  in  evaluating  new 
resins  or  curing  agents  and  in  determining  the  proper  amount  of  a curing 
agent  to  be  used  with  a specific  resin. 

The  number  of  epoxy  resin  types  used  commercially  is  relatively 
small  compared  to  the  number  of  possible  epoxy  resin  molecules  that  can 
be  synthesized.  The  epoxies  studied  in  this  research  are  resins  based 
on  DGEBA  and  an  epoxylated  novolac.  The  resin  Epon  828  is  a DGEBA  type 
material  manufactured  by  Shell  Chemical  Company  and  the  resin  1009, 
manufactured  by  3M  Company,  is  a mixture  of  Epon  828  and  a Dow  Chemical 
Company  epoxylated  novalac,  DEN  438.  The  general  structure  of  a DGEBA- 
type  resin  has  already  been  discussed.  The  corresponding  structure  of  a 
general  epoxylated  novalac  is  represented  as 


These  resins  generally  result  in  higher  heat  distortion  temperatures  and 
better  performance  at  high  temperatures  than  do  DGEBA-type  epoxies. 

As  previously  stated,  the  research  work  presented  in  this  thesis  was 
done  using  the  Epon  828  and  DEN  438  resins  with  specific  curing  agents. 

In  the  sections  that  follow,  properties  of  epoxy  resin  and  curing  agent 
systems  in  addition  to  those  studied  will  be  given.  This  approach  is 
necessary  because  of  the  limited  literature  available  on  the  properties 
of  specific  interest.  It  is  felt  the  discussion  of  the  general  nature 
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of  the  properties  of  interest  will  be  sufficient  to  give  the  reader  an 
appreciation  of  the  data  to  be  presented. 

Curing  of  Epoxy  Resins 

Epoxy  resins  are  characterized  by  their  ability  to  transform  from  a 
thermoplastic  state  to  a hard,  thermoset  solid  with  the  addition  of  a 
chemically  active  reagent  called  the  curing  agent.  There  are  many 
reactions  that  can  bring  about  the  cure  of  an  epoxy  resin  and,  hence, 
there  are  many  types  of  curing  agents.  While  some  curing  agents 
participate  directly  in  the  reaction  and  become  part  of  the  polymerized 
chain,  others  merely  promote  polymerization  through  catalytic  action. 

The  mechanism  for  promotion  of  the  reaction  also  depends  cn  the  parti- 
cular agent  used.  The  process  may  take  place  at  room  temperature, 
proceed  with  heat  produced  by  exothermic  reaction,  or  require  external 
heat.  The  resins  studied  here  are  of  the  latter  type. 

Epoxy  resins  are  chemically  stable  before  the  introduction  of  a 
curing  agent,  the  pure  resin  having  an  indefinite  shelf  life.  Once 
activated,  however,  a resin  will  transform  from  a thermoplastic  to  the 
thermoset  state  through  at  least  one  of  the  following  reactions  [9]: 

1)  direct  linkage  between  epoxy  groups, 

2)  linkage  of  epoxy  groups  with  aromatic  or  aliphatic  hydroxyls, 

3)  crosslinkage  with  the  curing  agent  through  various  radicals. 

These  three  processes  will  be  considered  separately  in  the  discussion  that 
follows. 

Polymerization  through  epoxy  groups  takes  place  via  a molecular 
linkage  through  the  oxygen  atom  of  an  epoxy  group.  This  linkage  proceeds 
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by  reaction  of  the  epoxy  resin  with  a tertiary  amine  (R3N)  curing  agent. 
The  tertiary  amine  reacts  with  the  epoxy  ring  as  follows: 

/°\  ® 

R3N  + CH2 CH ► R3N— 


CH„ CH 


Thus  the  tertiary  amine  is  capable  of  opening  the  epoxy  ring.  Assuming 
the  polar  nature  of  the  resulting  structure  is  capable  of  opening  other 
rings,  the  reaction  proceeds  and  results  in  the  long  chain  structure: 


In  order  to  visualize  the  final  structure  of  the  cured  epoxy, 
consider  several  molecules  of  the  monomer  DGEBA  lying  side  by  side  as 
shown  in  Figure  2-4.  Under  these  idealized  conditions,  the  reaction 
discussed  above  will  result  in  the  crossl inked  polymerization  of  the 
epoxy  resin  to  yield  the  structure  shown  in  Figure  2-5.  However,  it  is 
quite  unlikely  that  the  liquid  resin  molecules  would  ever  line  up 
uniformly  as  shown  in  Figure  2-4.  Thus,  the  idealized  two-dimensional 
structure  of  the  cured  epoxy  will  actually  resemble  that  shown  in 
Figure  2-6.  Note  that  this  is  an  idealized  structure.  The  molecules 
actually  arrange  themselves  in  three  dimensions  to  form  a complex 
amorphous  structure.  The  polymer  chains  are  terminated  by  the  blocking 
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Figure  2-4:  Idealized  view  of  DGEBA  molecules  about  to  react. 
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Figure  2-5:  Idealized  crosslinking  of  DGEBA  molecules. 


Figure  2-6:  Idealized  crosslinking  of  DGEBA  molecules  showing 
structure  resulting  from  random  molecular 
arrangement  (after  Lee  and  Neville  [9]). 
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off  or  trapping  of  an  activated  grot,  by  other  epoxy  chains,  leaving 
them  without  adjacent  reactive  groups. 

The  structure  described  above  gives  an  accurate  representation  of 
the  cured  epoxy.  The  actual  mechanism  by  which  this  structure  is 
achieved,  however,  is  considerably  more  complex.  Polymerization  rarely 
occurs  via  direct  epoxy-epoxy  reaction,  even  with  a tertiary  amine 
curing  agent.  Instead,  hydroxyl  groups,  present  in  higher  order  polymer 
resins,  enter  as  an  intermediate  step  and  crosslinking  takes  place 
through  radical  groups  introduced  by  the  curing  agent.  However,  the 
structure  resulting  from  these  mechanisms  is  best  described  by  the  above 
representation. 

Epoxy  groups  interact  with  hydroxyl  groups  as  an  intermediate  step 
to  crosslinking  polymerization  of  the  epoxy  resin.  These  groups  do  not 
interact  easily  and  the  first  step  requires  activation  by  a catalyst: 


Although  there  are  two  possible  products  of  this  first  reaction,  both 
of  these  new  hydroxyl  groups  are  susceptible  to  continued  polymerization. 
For  example,  the  process  may  proceed  as 


OH 


18 


This  structure  is  very  similar  to  that  resulting  from  the  direct  epoxy- 
epoxy polymerization  discussed  previously.  This  reaction,  once 
catalyzed,  proceeds  very  rapidly  and  can  continue  until  a high  degree  of 
crosslinking  is  achieved. 

The  principle  agents  used  in  promoting  resin  cure  by  epoxy-hydroxyl 
reactions  are  tertiary  amines.  This  catalyst  opens  the  epoxide  ring,  as 
discussed  previously,  permitting  polymerization  through  hydroxyls  to 
occur.  An  important  aspect  of  this  type  of  polymerization  is  the 
appearance  of  hydroxyl  groups  during  intermediate  reactions.  This  will 
be  considered  again  in  the  discussion  of  microwave  heating  mechanisms 
in  the  resin-curing  agent  system. 

The  method  of  curing  by  a crosslinking  agent  refers  to  the  use  of 
a reactive  intermediate  to  join  the  resin  chains  [9].  The  principle 
crosslinking  agents  used  to  cure  epoxy  resins  are  primary  (RNh^)  and 
secondary  (R^NH)  amines  and  acid  anhydrides.  In  order  to  study  the 
basic  mechanism  for  cure  by  crosslinking  agents,  consider  the  sequence 
of  reactions  that  occur  with  primary  amines.  The  first  step  is  a 
reaction  with  an  epoxy  group  to  form  a secondary  amine 


rnh2  + 


/\ 


CM, 


CH  — ' 


H 


OH 


Next  is  a reaction  with  another  epoxy  group  to  form  a tertiary  amine 


OH 

I 
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The  final  step  is  the  reaction  of  these  intermediate  hydroxyls  with 
another  epoxy  group 


OH 


resulting  in  crosslinking  polymerization  of  the  resin.  The  resulting 
structure  of  the  cured  epoxy  is  the  same  as  that  proposed  earlier  for 
direct  epoxy-epoxy  polymerization.  Also,  note  the  formation  of  hydroxyl 
groups  during  the  intermediate  reactions.  Again,  these  will  be  considered 
in  the  discussion  of  mechanisms  for  microwave  heating.  As  previously 
mentioned,  acid  anhydrides  also  promote  a similar  series  of  reactions; 
hydroxyl  groups  and  water  are  intermediate  by-products. 

In  summary,  the  primary  mechanisms  responsible  for  crosslinking 
polymerization  of  epoxy  resins  are  linkage  of  the  epoxy  groups  through 
hydroxyls  and  linkage  via  a reactive  intermediate  agent.  Both  of  these 
mechanisms  result  in  a structure  that  can  be  represented  by  the  direct 
interaction  of  two  epoxy  groups,  as  shown  in  Figure  2-6.  The  actual 
process  involves  two  types  of  reactions,  a conversion  reaction  by  which 
the  reactive  agents  are  broken  down  and  a crosslinking  reaction  in  which 
molecules  are  coupled  into  a three-dimensional  network  via  the  reactive 
residues  formed  by  conversion.  The  residues  of  the  intermediate 
conversion  reactions  include  hydroxyl  groups  and,  in  some  instances,  water 
molecules. 
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Characterization  of  Cured  Epoxy  Resins 

The  degree  of  cure  of  an  epoxy  resin  refers  to  the  extent  to  which 
epoxy  groups  and  the  reactive  species  in  the  curing  agent  have  been 
consumed.  In  practice,  a system  is  considered  thoroughly  cured  when  the 
degree  of  crosslinking  is  such  that  the  epoxy  exhibits  the  optimum 
physical  properties  required  for  the  particular  application.  The  degree 
of  cure  achieved  depends  on  the  amount  of  curing  agent  used  and  the  time 
and  temperature  of  the  cure  cycle.  Due  to  the  complexity  of  the 
reactions  involved,  a theoretical  model  for  determining  the  optimum  cure 
cycle  for  a given  system  has  never  been  formulated  [9].  Some  epoxy 
systems  require  application  of  external  heat  to  promote  curing  while 
others,  once  activated,  proceed  with  heat  generated  by  exothermic  reac- 
tion. Generally,  proper  cure  cycles  are  determined  empirically  for  each 
application. 

The  degree  of  cure  can  be  determined  in  the  laboratory  by  infrared 
spectroscopy  or  by  chemical  analysis.  The  results  of  the  infrared 
spectroscopy  method  are  of  particular  interest.  The  spectra  of  an 
epoxy  resin  cured  with  a primary  a l.ipha tic  aminq.^nd  a .tertiary  aliphatic, 
amine  are  shown  in  Figures  2-7  and  2-8,  respectively,  as  a function  of 
curing  time.  The  absorption  bands  of  interest  occur  at  wavelengths  of 
approximately  3.0,  9.0  and  10.95ym  and  are  attributed  to  hydroxyl  groups, 
ethers,  and  epoxy  groups,  respectively.  This  data  shows  the  increase  in 
the  number  of  hydroxyl  groups  and  ether  bonds,  and  the  corresponding 
decrease  in  epoxy  groups,  as  the  degree  of  cure  increases.  This  data 
will  be  referred  to  again  in  the  discussion  of  possible  microwave 
heating  mechanisms  in  epoxies  during  cure. 
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Figure  2-7:  Infrared  spectra  of  epoxy  resin  during  cure  with 
primary  aliphatic  amine.  Numbers  indicate  cure 
time  at  23°C  (after  Lee  and  Neville  [9]). 


Wavelength  in  microns 


Figure  2-8:  Infrared  spectra  of  epoxy  resin  during  cure  with 

tertiary  aliphatic  amine.  Numbers  indicate  cure  time 
at  23°C  (after  Lee  and  Neville  [9]). 


22 


Infrared  techniques  yield  information  concerning  the  degree  of 
conversion  of  the  species  involved.  The  degree  of  crosslinking  is  also 
an  Important  consideration  in  evaluating  degree  of  cure.  Measurement 
of  crosslinking  is  done  indirectly  by  determining  heat-distortion 
temperature  and  solvent  resistance. 

A cured  epoxy  resin  may  be  characterized  by  its  physical,  chemical 
and  electrical  properties.  The  physical  properties  considered  in  the 
characterization  are  heat-distortion,  strength,  impact  resistance,  hard- 
ness and  flammability.  Chemical  properties  are  determined  by  exposing 
the  epoxy  to  a chemically  reactive  atmosphere  and  measuring  the  effect 
of  this  exposure  on  the  physical  properties  of  the  sample.  Electrical 
properties  considered  in  characterization  are  usually  the  dielectric 
constant,  electrical  loss,  resistivity,  dielectric  strength,  and  arc 
resistance.  Note  that  the  electrical  properties  of  cured  resins  are  not 
of  primary  interest  in  this  research.  The  topic  of  concern  is  the  way  in 
which  the  electrical  properties  change  during  cure.  It  should  also  be 
noted  that  the  properties  of  a cured  epoxy  will  depend  critically  on  the 
type  and  amount  of  curing  agent  used.  The  cured  system  will  probably 
not  be  at  optimum  in  all  its  properties  but  will  be  a compromise  to 
achieve  the  best  overall  performance  in  a specific  application. 

Specific  Epoxy  Systems  of  Interest 

The  epoxy  resins  studied  in  this  research  are  Epon  828,  manufactured 
by  Shell  Chemical  Corporation,  and  3M  Corporation's  1009.  Epon  828  is  a 
diglycidyl  ether  of  bisphenol  A and  3M  1009  is  a resin  system  based  on  a 2 
to  1 mixture  of  a Dow  Chemical  epoxy  novalac,  DEN  438,  and  Epon  828  [10]. 
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Figure  2-9  shows  the  chemical  structure  and  I.R.  spectra  for  absolute 
DGEBA,  Epon  828,  and  DEN  438.  The  curing  agents  studied  are  T-403, 
manufactured  by  the  Jefferson  Chemical  Company,  Z,  nadic  methyl 
anhydride  (NMA),  and  boron  trifluoride  adduct  with  monoethyl  amine 
(BF^-MEA).  Benzyl  dimethylamine  (BDMA)  is  used  as  a reaction  acceler- 
ator. These  agents  were  used  to  form  four  epoxy  systems,  mixed  as 
follows: 

1)  100  part  of  828  to  49  parts  of  T-403 

2)  100  parts  of  828  to  20  parts  of  Z 

3)  100  parts  of  828  to  90  parts  of  NMA  with  2 parts  of  BDMA 

4)  100  parts  of  1009  to  3 parts  of  BF-^-MEA. 

All  materials  were  supplied  by  the  Army  Mechanics  and  Materials  Research 
Center  (AMMRC). 
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THEORY  OF  DIELECTRIC  MATERIALS 

Radio  frequency  or  microwave  heating  is  a process  in  which  electric 
field  energy  is  converted  into  heat  due  to  dielectric  losses  in  a 
material  [12].  The  wide  range  of  industrial  application  of  this  process 
has  been  discussed.  The  advantage  of  this  heating  process  is  that  ther- 
mal heat  conduction  through  the  material  is  not  necessary.  However,  the 
material  must  be  capable  of  permitting  electric  field  penetration  to  a 
sufficient  depth  to  insure  uniform  heating.  The  material  properties 
governing  this  behavior  will  be  described  in  this  chapter. 

In  addition  to  the  electrical  behavior  of  the  material,  electric 
field  frequency  and  strength  are  important  heating  parameters.  It  will 
be  seen  that  the  amount  of  heat  produced  in  the  material  depends  directly 
on  the  frequency  and  the  square  of  the  electric  field  produced  by  the 
electromagnetic  source.  The  field  amplitude,  however,  cannot  be 
arbitrarily  raised  to  increase  heating  because  the  material  has  a finite 
dielectric  strength.  If  the  field  strength  is  raised  above  the  break- 
down voltage,  electric  arcing  may  cause  material  damage.  Thus,  increasing 
the  working  frequency  is  the  only  usable  method  to  increase  heating  of  a 
given  material.  This  reason,  together  with  the  decrease  in  depth  of 
penetration  at  higher  frequencies,  results  in  the  microwave  frequency 
region  being  optimal  for  electric  field  heating. 

The  purpose  of  this  chapter  is  to  develop  a quantitative  expression 
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describing  the  heating  of  a dielectric  in  an  electromagnetic  field.  The 
expression  developed  is  to  contain  only  parameters  that  are  measurable 
by  experiment.  In  order  to  understand  the  heating  process,  however,  it 
is  necessary  to  consider  the  action  of  an  electric  field  on  a dielectric 
at  a molecular  level.  The  parameters  of  interest  may  then  be  related 
to  macroscopical ly  observable  quantites  and  developed  into  a general 
relation. 

This  chapter  will  proceed  by  describing  the  interaction  of  electro- 
magnetic energy  with  dielectric  media,  relating  macroscopical ly 
observable  quantities  to  molecular  parameters,  considering  the  nature  of 
these  important  variables,  and  finally,  deriving  an  equation  relating 
heating  rate  to  measurable  parameters.  The  electrical  parameters  involved 
are  dielectric  constant,  loss  tangent,  frequency,  and  field  strength.  The 
dielectric  constant  and  loss  tangent,  being  material  dependent,  will  be 
discussed  at  length. 

Interaction  of  an  Electric  Field  with  a Dielectric 

An  ideal  dielectric  material,  being  perfectly  non-conducting,  inter- 
acts with  an  electric  field  through  displacement  of  its  charge  carriers 
from  their  equilibrium  positions.  This  behavior  can  be  studied  by 
considering  a time  independent  electric  field  acting  on  the  dielectric 
of  a parallel  plate  capacitor.  The  magnitude  of  the  force  acting  on  a 
carrier  of  charge  e is 


where  V is  the  voltage  across  the  capacitor  and  d is  the  plate  separation. 
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The  phenomena  of  polarization  results  in  the  formation  of  positive  and 
negative  charges  at  opposite  surfaces  of  the  dielectric  in  response  to 
this  force.  This  can  be  pictured  (Figure  3-1)  as  the  formation  of  dipole 
chains  aligned  parallel  to  the  applied  field  and  binding  countercharges 
at  the  electrodes.  The  density  of  this  neutralized  surface  charge  is 
called  the  polarization  of  the  dielectric. 


B 0 B 0 FI 
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Figure  3-1:  Schematic  representation  of  dielectric 
polarization. 


For  a capacitance  CQ,  the  charge  on  the  capacitor  plate  is 

Q = CQV. 

The  "relative  dielectric  constant"  is  an  independent  parameter 
associated  with  the  material  and  is  given  as  the  quotient  of  the  material 
permittively,  e‘,  and  the  permittivity  of  free  space,  eQ.  Accordingly, 

eR  ’ E’/V 

The  number  of  charge  carriers  neutralized  through  polarization  at  the 
interface  of  the  dielectric  and  electrode  is  [12] 
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Q(1  - l/e£). 

Therefore  the  number  of  free  charge  carriers  that  remain  at  the  interface 
is 

s_ . 

eR 

These  free  charges  constitute  the  source  of  the  electric  field  acting 
on  the  polarized  dielectric.  Thus,  it  can  be  regarded  that  the  applied 
electric  field  f is  opposed  by  a "polarization  field"  ? resulting  in  the 
polarized  dielectric  experiencing  a field  0 called  the  "displacement 
field."  This  field  is  given  as 

0 = e'0  = eQep  0, 


in  free  space  where  = 1.  Therefore  the  polarization  can  be  expressed 
as  the  difference  between  the  displacement  field  in  the  material  and  in 
free  space 

l»  . 8 - ffFS  = ff  - e0t 

or.  ? » - l)t0E[^l]  . Ull-1) 

m 

The  "dielectric  susceptibility" 


X * eR  - !* 
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gives  the  ratio  of  neutralized  to  free  charge  carriers. 

In  addition  to  being  a measure  of  neutralized  surface  charge  density, 
the  magnitude  of  the  polarization  vector  is  also  equivalent  to  the  dipole 
moment  per  unit  volume  of  the  dielectric.  This  latter  interpretation 
permits  a development  of  macroscopic  process  via  an  analysis  at  the 
molecular  level  [12].  This  development  will  now  be  considered. 

The  dipole  moment  per  unit  volume  can  be  considered  the  result  of 
the  additive  action  of  N elementary  dipole  moments  p.  Thus, 

I*  = Nu.  ( 1 1 1-2) 

These  dipole  moments  occur  as  the  reaction  of  elementary  particles,  or 
"polarization  sites,"  to  the  local  electric  field  t'  acting  in  the 
vicinity  of  these  sites.  It  may  be  assumed  that  the  magnitude  of  the 
dipole  moment  is  proportional  to  the  local  field  strength 

y = a ( II 1-3) 

The  constant  of  proportionality  a is  called  the  "polarizability"  and  has 
dimensions 

[ct]  = = [em3] 

in  the  mks  system.  As  the  ratio  of  dipole  moment  to  local  field 
strength,  a is  essentially  a measure  of  the  electrical  pliability  of 
the  polarization  site  [13]. 

Combining  equations  (III-l),  (II 1-2 ) 9 and  ( 1 1 1-3) 

? = (e£  - l)60f  - Nof'  (II 1-4) 


J 
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— ■ *"  1 


30 


Thus  the  macroscopically  observable  permittivity  is  related  to  three 
molecular  parameters:  the  number  N of  contributing  polarization  sites, 
their  polarizability  a,  and  the  local  electric  field  £'  acting  at  the 
sites.  The  local  field  £'  will  normally  differ  from  the  externally 
applied  field  £ due  to  polarization  of  the  surrounding  medium,  as  will 
be  discussed  later.  The  goal  of  this  chapter  is  to  understand  the 
dependence  of  these  parameters  on  frequency,  temperature,  and  applied 
field  strength  in  order  to  understand  the  mechanism  of  microwave  heating. 

There  are  four  types  of  molecular  level  polarization  that  lead  to 
macroscopically  observed  effects  [13].  These  four  types  of  polarization 
arise  from  the  same  basic  condition  that  matter  consists  of  positively 
charged  atomic  nuclei  surrounded  by  a negative  electron  cloud. 

When  influenced  by  an  external  electric  field,  an  atom's  electrons 
are  displaced  slightly  with  respect  to  the  nucleus.  The  result  is 
"induced"  dipole  moments  and  "electronic  polarization"  of  materials.  The 
combination  of  different  types  of  atoms  to  form  molecules  usually  results 
in  an  asynmetric  distribution  of  electrons  around  the  nuclei  and  the 
formation  of  net  charge  sites  of  opposite  polarity.  The  displacement  of 
these  charge  sites  from  their  equilibrium  positions  by  an  external  field 
leads  to  a second  type  of  induced  dipole  moment  and  "atomic  polarization." 
In  addition,  this  net  charge  distribution  results  in  permanent  dipole 
moments  that  exist  even  in  the  absence  of  an  external  field.  The 
tendency  of  these  dipoles  to  align  themselves  in  the  direction  of  an 
applied  field  gives  rise  to  "dipole  polarization".  The  fourth  type  of 
polarization  occurs  due  to  the  motion  of  free  charge  carriers  through 
an  imperfect  dielectric  subject  to  an  external  field.  The  trapping  of 
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these  charges  in  the  material,  at  interfaces,  or  at  electrodes  results  in 
a space  charge  distribution  and  macroscopic  field  distortion.  Resulting 
in  an  increase  in  capacitance  and,  hence,  permittivity,  this  behavior  is 
called  "space  charge  polarization". 

The  first  three  types  of  polarization  discussed  above  are  due  to 
locally  bound  charge  while  the  latter  is  due  to  charges  that  can  migrate 
for  some  distance  through  the  dielectric.  These  polarization  mechanisms 
are  characterized  by  an  electronic  polarizability  a&,  an  atomic  polari- 
zability aa>  a dipole  polarizability  ad,  and  a space  charge  polarizability 
a$.  Assuming  the  four  polarization  mechanisms  are  independent  of  each 
other  [13],  the  total  polarizability  of  a dielectric  may  be 
written 

a = a + a + a . + a„ . 
e s d s 

These  four  effects  determine  the  response  of  a dielectric  to  an  applied 
field. 

As  seen  from  equation  (II 1-4) , the  behavior  of  the  permittivity 
depends  on  the  parameters  N,  a,  and  Primary  dependence,  however, 
is  on  the  polarizability  a [13].  Therefore,  the  approach  shall  be  to 
express  the  dielectric  constant  in  terms  of  a,  eliminating  N and  £'  by 
approximation. 

In  solids  and  liquids,  the  local  field  £'  acting  at  a polarization 
site  will  differ  from  the  external  field  ? due  to  polarization  of  the 
surrounding  material.  Consider  the  dielectric  of  a parallel  plate 
capacitor  as  shown  in  Figure  3-2.  Imagine  a reference  molecule  A 
surrounded  by  a sphere  such  that  the  polarization  is  constant  outside 


w»4_ 


Figure  3-2:  Model  of  dielectric  structure  for  calculation 
of  internal  field 


this  sphere.  The  total  field  acting  on  A has  three  components:  a field 
produced  by  free  charges  at  the  electrodes,  a field  t2  produced  by 
the  charged  ends  of  the  dipole  chains  at  the  sphere's  surface,  and  a 
field  produced  by  neighboring  dipole  polarization  sites  inside  the 
sphere.  Thus 

t'  = + t2  + ty 


The  field  is,  by  definition,  equal  to  the  applied  field  t , 


ei-e- 


The  field  t9  is  calculated  to  be  [13] 


^2  = 3e  ^ = 3 (£R  ' 
o 


Evaluation  of  the  field  would  require  knowledge  of  the  geometrical 
arrangement  and  polarizability  of  the  molecular  polarization  sites 
inside  the  sphere.  It  is  reasonable  to  assume,  in  certain  cases,  that 
the  individual  fields  of  the  molecules  surrounding  A mutually  cancel 


and 
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h " °- 

This  assumption  was  first  made  by  Mossoti  and  is  valid  for  a number  of 
cases,  one  of  which  is  when  the  molecules  are  arranged  with  complete 
disorder,  as  is  nearly  the  case  for  the  epoxy  resins  [13]. 

Thus  the  local  field  acting  at  a polarization  site  is 


£'  = ?,  + = £ + or-  = S Up  + 2), 


■1 


3e_ 


expressed  in  macroscopical ly  observable  parameters.  Combining  previous 
equations, 

£ = (cr  - l)e0£  « Na£‘  = M (e.  + 2) 


implying  that 


Na 

3e 


(eR  ' 1} 


o (e'  + 2) 


( 1 1 1— 5) 


The  local  field  has  been  eliminated  from  the  expression  for 
permittivity.  The  value  of  N is  now  of  concern.  For  an  ideal  gas  at 
STP,  N equals  the  "Loschmidt  number"  [13] 


NL  = 2.687  x 1025  [m"3]. 


In  the  case  of  condensed  matter,  it  is  useful  to  evaluate  N by 
considering  the  "molar  polarization."  The  number  N is  related  to  the 
number  of  molecules  per  mole  by 


N = 


nap 

TT» 
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where  Is  Avogadro's  Number,  M is  the  molecular  weight  in  [kg],  and 
p is  the  density  in  [kg  m-3],  in  the  mks  system.  Substitution  into 
equation  (III-5)  gives  the  "Clausius-Mosotti"  equation 


Aa  _ CR~1  M 
3e0  " eR+2  p 


[m3] 


( 1 1 1 -6 ) 


where  n is  called  the  molar  polarization.  This  is  a key  equation  in 
that  it  relates  the  unknown  molecular  parameter  a to  macroscopical ly 
observable  parameters. 


Effects  in  a Time  Dependent  Field 

The  reactions  of  a dielectric  to  an  applied  electric  field  as 
discussed  previously  describe  the  effects  which  occur  in  a steady  state 
field.  In  this  section,  the  effects  of  time  dependent  field  variations 
are  considered.  When  a time  independent  field  is  applied,  the 
polarization  behaves  as  shown  in  Figure  3-3. 


p 


Figure  3-3:  Dielectric  polarization  in  a static  electric  field. 
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Observe  that  a pure  elastic  polarization  takes  place  immediately  for  some 
types  of  polarization  sites  while  the  remainder  require  a finite  time  for 
alignment.  This  behavior,  suggesting  internal  friction  mechanisms 
resisting  changes  in  dipole  orientation,  is  also  shown  in  Figure  3-4 
where  the  field  is  applied  at  time  tj  and  turned  off  at  t^.  Note  the 
immediate  response  of  the  elastic  polarization  sites  at  t?  and  the  finite 
relaxation  time  required  for  other  dipoles. 


p 


Figure  3-4:  Dielectric  polarization  in  a time  dependent  field  . 

Consider  a dielectric  experiencing  an  alternating  electric  field 

t = Eq  cos  tut. 

The  displacement  field  will  also  vary  periodically  and,  in  general,  will 
be  out  of  phase  with  the  electric  field  by  an  angle  6 

D = Dq  cos  (wt  - 6) 

= D cos  6 cos  <ot  + sin  6 sin  cot 
o o 

= Dj  cos  out  + D2  sin  wt. 

The  amplitudes  Dj  and  D2  can  be  related  to  the  amplitude  EQ  by  two 
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frequency  dependent  dielectric  constants 

Dj  = e'(uj)E0 
D2  = e"U)E0. 

The  "loss  tangent"  of  the  dielectric  is  defined  as* 


u2  e" 
tan6  = ?r-  = ^t 
D1  e 


and  the  "complex  permittivity"  is  defined  as 


'★  = 


Vr  = £o(er  - Jer>' 


Thus  the  displacement  vector  can  be  written 


* 5 = e*?  = c0(g'  - jc£)t. 


indicating  two  components  90  degrees  out  of  phase.  The  complex  permit- 
tivity is  therefore  derived  from  the  phase  difference  between  the 
displacement  and  electric  vectors  for  an  applied  time  dependent  electric 
field. 

With  the  introduction  of  complex  permittivity,  the  previously 
derived  equations  must  be  modified.  For  example,  equations  ( 1 1 1 -5 ) and 
( 1 1 1 -6 ) become 


Na  = (£R  " ^ 
3£o  ~ (e*  + 2) 


(III-7) 


Dielectric  loss  Is  actually  proportional  to  sin6.  The  use  of  tan6 
as  a loss  indicator  is  accurate  only  for  small  6 such  that  tan6  = sinfi. 
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and 


( 1 1 1 -8 ) 


where  a Is  now  a complex  quantity. 

The  frequency  dependence  of  the  complex  permittivity,  illustrated 
in  Figure  3-5,  is  best  understood  by  considering  the  different  types  of 
polarizability.  In  the  case  of  electronic  polarization,  the  external 
field  deflects  electrons  from  their  original  path  inducing  a dipole  moment 
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Figure  3-5:  Frequency  dependence  of  complex  permittivity. 

opposite  to  the  applied  field.  The  magnitude  of  this  induced  moment  is 
proportional  to  the  applied  field  strength  but,  with  resonance  in  the 
visible  or  ultra-violet  regions,  is  independent  of  the  microwave 
frequencies.  The  extremely  short  relaxation  time  of  these  dipoles, 
compared  to  microwave  radiation  periods,  results  in  an  extremely  small 
phase  difference  between  the  displacement  and  electric  fields,  and 
hence,  virtually  no  dielectric  losses. 


Observed  in  materials  where  molecular  groups  have  two  different 
atoms  bonded  together,  atomic  polarization  also  results  from  Induced 


38 


dipole  moments.  This  phenomenon  occurs  when  molecules  are  formed  by  atoms 
of  different  charge,  such  as  ionic  compounds,  or  when  the  bonding  results 
in  asymmetric  electron  distribution.  Application  of  the  electric  field 
causes  the  charge  centers  to  be  displaced  from  their  equilibrium  positions, 
stretching  or  contracting  the  bond  length,  in  proportion  to  the  field 
strength.  The  resonant  frequency  for  atomic  polarization  is  in  the  infra- 
red and,  as  with  electronic  polarization,  contributes  very  little  to 
microwave  frequency  losses. 

In  contrast  to  electronic  and  atomic  polarization,  dipole  polariza- 
tion has  its  resonance  in  the  microwave  region.  This  type  of  polarization 
occurs  in  materials  whose  molecules  are  natural  dipoles,  usually  as  a 
result  of  the  asymmetric  charge  distribution  associated  with  covalently 
bonded  unlike  atoms.  Usually,  an  external  field  causes  rotation  of  the 
dipole  until  it  is  aligned  in  the  direction  of  the  field.  These  dipoles 
respond  to  microwave  frequencies  in  such  a way  that  there  is  a phase 
shift  between  the  displacement  and  electric  vectors  and,  hence,  electrical 
losses.  This  loss  mechanism,  which  can  be  viewed  as  due  to  internal 
friction  resisting  the  dipole  rotation,  is  responsible  for  microwave 
heating  of  dielectric  materials.  Thus  dipole  polarization  is  the 
mechanism  for  microwave  heating. 

The  effects  of  polarization  on  the  complex  permittivity  were  shown 
in  Figure  3-5.  Being  of  primary  interest,  the  complex  permittivity  of 
dipolar  molecules  is  discussed  in  the  next  section.  Before  continuing, 
however,  recall  that  a decrease  in  cL  implies  a decrease  in  the  ratio  of 


neutralized  to  free  charge  carriers.  Thus  the  behavior  of  the  dielectric 
constant  (Figure  3-5)  shows  that  Increasing  frequency  beyond  resonance 
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decreases  the  number  of  polarized  sites  available  to  counter  the  free 
charges. 

Dielectric  Properties  of  Dipole  Molecules 

The  previous  section  has  shown  that  the  behavior  of  a dielectric  in 
an  alternating  electric  field  is  governed  by  the  dynamic  properties  of 
its  atoms  and  molecules.  Therefore,  the  dielectric  behavior  is  more 
complicated  in  an  alternating  field  than  in  a static  applied  field.  Due 
to  the  phase  difference  between  the  electric  and  displacement  field  it 
is  necessary  to  introduce  a complex  permittivity,  its  real  and  imaginary 
parts  being  denoted  by  and  e^,  respectively.  The  behavior  of  these 
parameters  as  a function  of  temperature  and  frequency  is  the  subject  of 
this  section. 

Concerned  with  the  effects  of  microwave  frequency  fields,  the 
influence  of  the  electric  field  on  polar  molecules,  which  exhibit  a 
natural  moment,  is  of  interest.  Consider  the  polar  molecule  NH3  shown 
in  Figure  3-6.  This  molecule  has  two  equilibrium  states,  A and  B, 
separated  by  an  activation  energy,  E^.  In  the  absence  of  an  electric 
field,  the  molecule  is  in  thermal  equilibrium  and  there  is  equal  proba- 
bility of  transition  to  either  state.  For  instance,  thermal  fluctuations 
can  supply  sufficient  energy  for  a molecule  in  the  A state  to  overcome 
the  potential  barrier  and  make  the  transition  to  the  B state.  Applica- 
tion of  an  electric  field  changes  the  probability  of  transition  between 
these  equilibrium  states.  This  redistribution  of  equilibrium  states 
results  in  the  effective  rotation  of  dipolar  molecules  in  an  alternating 
field  and  leads  to  dipole  polarization  of  the  dielectric. 
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Figure  3-6:  Dipolar  NH3  molecule  showing  (a)  two  equilibrium 
positions  and  (b)  energy  configuration. 


The  relaxation  time  apparent  in  Figure  3-4  shows  that  the  dipole 
needs  time  to  go  from  the  state  of  random  thermal  agitation  to  the 
regulated  condition  of  polarization.  This  relaxation  time,  t , can  be 
expressed  through  the  polarizability, 

a.  e'(t/TJ. 


Associated  with  the  relaxation  time  is  a natural  frequency  ojm,  for 
transition  between  unpolarized  and  polarized  states. 


_ 1 

03  “ 
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The  natural  frequency  represents  a resonance  condition  and,  like  the 
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relaxation  time,  Is  purely  a material  dependent  parameter. 

Note  that  Figure  3-4  shows  that  some  polarization  occurs  immediately 
with  the  application  of  a field.  This  is  due  to  elastic  reactions  between 
the  molecules  and  electric  field.  This  polarization  may  be  electronic, 
atomic,  or  dipolar  in  origin,  depending  on  frequency  [14].  If  the  period 
of  oscillation  of  the  applied  electric  field  is  less  than  the  relaxation 
time,  the  regulated  condition  of  polarization  cannot  be  achieved. 

The  theory  of  dipole  polarization  was  first  formulated  by  Debye  [15]. 
Assuming  the  dielectric  was  composed  of  noninteracting  polar  molecules, 
he  related  the  real  and  imaginary  parts  of  the  complex  permittivity  to 
the  frequency  to  of  the  applied  electric  field.  The  results  are 
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where  e'  and  e'  are  the  values  of  the  relative  dielectric  constant  for 

00  s 

optical,  <o-*»,  and  static,  to  = 0,  conditions,  respectively.  The  behavior 
of  the  complex  permittivity  in  the  microwave  region  is  shown  in  Figure 
3-7.  The  loss,  expressed  as  tan  6,  is  maximized  when  the  period  of  the 
applied  field  is  equal  to  the  relaxation  time,  satisfying  the  resonance 
condition.  At  resonance 
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Figure  3-7:  Frequency  dependence  of  complex 

permittivity  in  the  microwave  region. 


It  is  important  to  notice  that,  unlike  atomic  and  electron  polariza- 
tion, dipole  polarization  is  accompanied  by  a monotonic  decrease  in  e^, 
as  was  shown  in  Figure  3-5.  This  type  of  frequency  dependence  is  known 
as  anomalous  dispersion  and  suggests  a damped  resonance  due  to  "internal 
friction"  effects  [12].  The  electrical  equivalent  circuit  describing 
this  type  of  resonance  is  shown  in  Figure  3-8.  The  frequency  dependence 
of  the  complex  permittivity  in  the  region  of  dipole  polarization  can  also 


Figure  3-8:  Equivalent  electrical  circuit  describing  dipole 
dispersion. 

be  viewed  in  the  complex  plane  resulting  in  the  Cole-arc  diagram  of 
Figure  3-9  [16]. 

Debye  [15]  also  showed  that  the  relaxation  time  is  inversely  related 


to  the  dielectric  temperature.  This  temperature  dependence  can  be 
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Note  that  the  natural  resonance  frequency  of  the  dipolar  molecules 
increases  with  temperature 


The  typical  behavior  of  and  with  frequency  and  temperature  is  shown 

g 

in  Figure  3-10.  Note  that  at  a constant  frequency,  10  Hz  for  instance, 
the  behavior  may  be  such  that  the  values  of  the  parameters  may  even 
oscillate  as  a function  of  temperature. 

Thus  the  complex  permittivity  and,  therefore,  the  dielectric 
constant  and  loss  tangent,  are  nonlinear  functions  of  frequency  and 
temperature.  This  is  of  extreme  importance  since  it  implies  the  rate  of 
microwave  heating  will  change  with  the  sample  temperature.  This  concept 


will  be  developed  fully  in  the  next  section. 
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In  the  curing  of  epoxy  resins  by  microwave  heating,  many  different 
dipole  species  exist  in  the  material  simultaneously.  It  is  therefore 
necessary  to  consider  the  effect  of  multiple  dipolar  species  on  the 
complex  permittivity.  Generally,  the  dielectric  properties  appear  as  a 
superposition  of  the  behavior  of  each  contributing  type  of  dipole  [12]. 
The  behavior  of  the  loss  tangent  of  a material  composed  of  two  dipole 
species  having  different  relaxation  times  is  shown  in  Figure  3-11.  The 
result  is  a broadening  in  the  dispersion  of  the  loss  tangent  due  to  the 


Figure  3-11:  Loss  tangent  of  a material  having  two  dipolar  species. 

superposition  of  the  losses  from  each  species.  Thus  it  is  expected  that 
the  loss  tangent  of  the  epoxy  resins,  composed  of  multiple  dipole  species, 
will  display  broad  dispersion. 

It  is  important  to  realize  that  the  foregoing  discussion  assumes  no 
interaction  of  the  individual  dipole  moments  present  in  the  dielectric. 

In  the  case  of  disordered  solids  and  viscous  liquids,  these  interactions 
were  taken  into  account  by  Onsager  [17]  through  his  consideration  of  a 
reaction  field  produced  by  the  dipole  and  effecting  the  surrounding 
polarized  material.  This  appears  as  an  additional  contribution  to  the 
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previously  discussed  local  field  £'.  This  results  in  a further  broadening 
of  the  dispersion  relations  which  may  be  considered  to  consist  of  several 
absorption  periods  dtm  (Figure  3-12).  The  complex  permittivity  is  then 
expressed  through  the  relations 


= e'  + 


f(f  )d-r 
m m 

2 2 
l+U)  T„/ 
o m 


ej(«)  = 


f(T»)"T mdTm 

. 1+u2t 2 

J o m 


where  f(x  ) gives  the  distribution  of  the  dispersion  [12]. 


e? 


Figure  3-12:  Dispersion  of  dielectric  loss  due  to  interactions  of 
dipole  species.  Dotted  line  shows  dispersion 
broadening  due  to  Onsager  field. 

Thus,  it  is  apparent  that  the  complex  permittivity,  and  the 
associated  properties,  are  complicated,  nonlinear  functions  of  frequency 
and  temperature.  In  the  case  of  epoxy  resins,  this  behavior  is  further 
complicated  because  of  the  number  of  dipolar  species  present  in  the 
material  and  because  the  concentration  of  these  species  change  during 
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cure.  The  loss  tangent  of  an  epoxy  is  expected  to  have  a broad, 
relatively  flat  dispersion  and  to  change  considerably  during  cure. 

The  Microwave  Heating  Equation 

Now  that  the  macroscopic  parameters  of  interest,  both  material  and 
field  dependent,  have  been  discussed,  it  is  appropriate  to  describe 
microwave  heating  in  terms  of  these  variables.  This  will  be  accomplished 
by  developing  an  equation  relating  the  time  rate  of  change  in  dielectric 
temperature  to  these  parameters. 

The  specific  heat  at  constant  volume  of  a material  is  defined  as 

r - I dU 
LV  m dT  * 

where  m,  U,  and  T are  the  sample  mass,  internal  energy,  and  temperature, 
respectively.  Therefore, 


dT  _ 1 

dU  mCy 


and  the  time  rate  of  change  of  sample  temperature  is 


dT  _ dT  dU  . 1 dU 

dt  “ dU  dt  ‘ mCv  dt  * 


(III-15) 


The  quantity  is  the  rate  of  absorption  of  energy  by  the  material  and 
is  equivalent  to  the  power  dissipated  in  the  sample.  Assuming  the 
material  is  ohmic,  the  Instantaneous  electric  power  dissipated  per  unit 
volume  of  material  is 


P * = a?*t  ■ oE^, 
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where 


J = at 


is  the  current  density,  E is  the  magnitude  of  the  electric  field,  and 
a is  the  conductivity  of  the  material.  This  conductivity  term  accounts 
for  all  electrical  losses  in  the  material.  The  instantaneous  power 
dissipated  in  a sample  of  volume  V$  is  then 


dU  _ 

3t  " 


Vs  °E2, 


assuming  the  electric  field  is  uniform  over  this  volume.  Substituting 
into  equation  (II 1-15)  yields 


dT 

dt  ” 


The  change  in  temperature  after  an  irradiation  time  t is,  therefore. 


AT  = T - T = 
o 


dT  = 


V f 

mC 

v ■'( 


E2dt. 


Let  the  alternating  electric  field  in  the  sample  be  of  the  form 


Then, 


E = E sin  o)t. 
o 


AT 


2 r* 

VEo  1 

mCw 


sin  wtdt 


V.oEL  1 
- s 0 / 1 


mC. 


" ^sin  2uit). 


(Ill -16 ) 


However,  since  interest  is  in  microwave  frequencies  for  which  u is 
0 

approximately  10  , the  second  term  of  equation  (I 11-16)  Is  on  the  order 
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n 

of  10  and,  therefore,  for  physically  significant  times. 


* 

AT  = 2 


( 1 1 1 -17 ) 


Equation  ( I I 1-17 ) can  be  written 


Differentiation  yields 


T = 2^*  + V 


dT  . VEo 


( 1 1 1 -18 ) 


It  is  now  necessary  to  express  equation  (III -18 ) in  terms  of  the 
complex  permittivity.  This  is  accomplished  by  the  relation  [13] 


O = We0eR • 


(III-19) 


Thus  by  equation  (III-ll), 


where 


o = tan  6 = ue  tan  5, 


e = eoeR- 


Therefore, 


ojV  E^ 

“»  {<T>- 


(III -20) 


where  the  temperature  dependence  of  the  dielectric  constant  and  loss 
tangent  are  noted.  Equation  ( I 11-20)  Is  the  heating  equation  expressing 
the  rate  of  temperature  change  of  a dielectric  In  terms  of  macroscopic 
parameters.  Recall  that  EQ  is  the  magnitude  of  the  field  in  the  material 
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and  is  assumed  uniform  throughout  the  sample.  These  considerations  will 
be  discussed  in  later  chapters. 

Before  concluding  this  chapter,  it  is  necessary  to  consider  the 
decrease  of  incident  electric  field  energy  due  to  losses  in  the  material. 
As  an  electromagnetic  wave  passes  through  the  dielectric  of  finite 
conductivity,  the  magnitude  of  the  electric  field  decreases  since  energy 
is  transferred  from  the  field  to  the  material.  The  "depth  of  penetration" 
is  defined  as  the  thickness  of  dielectric  that  reduces  the  magnitude  of 
the  field  in  the  material  by  a factor  of  1/e  (e  = 2.71828).  The  depth 
of  penetration  A is  given  by  [13] 

A = ( )H  (III  -21 ) 

VocRw  tan<S 

where  uQ  is  the  permeability  of  free  space.  It  will  be  shown  that  the 
value  of  A for  the  epoxy  resins  is  sufficiently  large  to  be  of  little 
consequence  in  their  microwave  heating. 

This  chapter  has  developed  the  theory  of  dielectric  losses  in  the 
microwave  frequency  region.  The  temperature  and  frequency  dependence  of 
the  important  dielectric  parameters  were  then  considered.  Finally,  a 
general  equation  describing  the  heating  phenomenon  in  a dielectric 
irradiated  by  a microwave  field  was  derived.  Subsequent  chapters  deal 
with  the  actual  measurement  of  complex  permittivity,  use  of  this  data 
to  quantitatively  predict  the  heating  of  the  epoxy  resins  studied,  and 
comparison  of  actual  heating  measurements  with  these  predictions. 


CHAPTER  IV 


MEASUREMENT  OF  DIELECTRIC  PROPERTIES 


Methodology 

Analysis  of  the  radio  frequency  heating  behavior  of  the  epoxy  resins 
requires  the  measurement  of  the  dielectric  constant  and  loss  tangent  of 
the  materials.  Required  as  functions  of  both  frequency  and  temperature, 
these  measurements  were  made  in  the  frequency  range  of  1.0  to  2.5  GHz 
and  from  25  to  85  degrees  Celsius  at  1.5  GHz.  A precision  slotted 
coaxial  transmission  line  was  used  to  measure  the  null  shift  and  voltage 
standing  wave  ratio  (VSWR)  associated  with  the  standing  wave  pattern 
produced  by  termination  of  the  line  with  the  sample  and  a variable  short. 
This  data  is  used  with  the  transmission  line  equations  and  the  field 
equations  for  a lumped  capacitive  load  to  calculate  sample  admittance  [18]. 
Samples  of  gelled,  partially  cured  epoxy  in  the  form  of  thin  disk 
parallel  plate  capacitors  permitted  solution  for  the  complex  permittivity 
using  the  appropriate  field  equations. 

A parallel  plate  capacitor  sample  of  thickness  T and  surface  area  A 
is  placed  between  the  center  conductor  and  the  variable  short  of  the 
sample  holder  shown  in  Figure  4-1.  The  sample  is  made  very  thin  in  order 
to  avoid  fringing  effects.  The  electrical  equivalent  of  this  capacitive 
circuit  is  shown  in  Figure  4-2.  The  currents  Ig  and  Ic  are  the  dissipa- 
tive and  reactive  currents,  respectively.  The  development  that  follows 
results  in  a procedure  for  calculating  complex  permittivity  from 
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measurable  parameters  and  is  based  on  the  treatment  given  by  Pearson  [19]. 

The  current  through  a capacitor  due  to  an  applied  voltage  V can  be 
expressed  as 


1 = !g  + !c  = yV  = (G  + jwC)V  = (G  + jB)V 


(IV-1) 


The  corresponding  electric  field  strength  and  current  density  are, 


respectively. 


(IV-2) 


(IV-3) 


By  Maxwell's  Equations,  these  two  parameters  are  related  through  the 
constitutive  equation 


J = (a  + we"  + jwe 1 ) E, 


(IV-4) 


where  (oQ  + we")E  is  the  conduction  current  component  and  jwe'E  is  the 
displacement  current  component  [20],  Combining  equations  (IV-2),  (IV-3), 


and  (IV-4),  the  total  current  is  written  as 


I = (oQ  + we"  + jwe')  £ V. 


(IV-5) 


The  admittance  of  the  capacitive  load  is  expressed  by  combining  equations 
(IV-1)  and  (IV-5): 


Y*G+jB=G+  jwC  = (oq  + we"  + jwe')  y. 


(IV-6) 


Equating  real  and  imaginary  terms  of  equation  (IV-6)  results  in. 


respectively,  the  conductance 


G = (oQ  + oje")  £ 


( I V-7 ) 


and  the  susceptance 


B * we'  j . 


( IV— 8 ) 


For  the  materials  under  consideration  the  first  term  of  equation  (IV-7) 
is  negligible,  the  total  conductivity  being  given  by  equation  (III-19). 
Thus,  the  dielectric  forming  the  capacitor  has  as  the  components  of  its 
complex  permittivity 

er  - ^ *IV'9* 

and  e£  = OJ-  <»-10) 

0 

By  definition,  the  loss  tangent  is 

tan6  = — = |.  (IV-11) 

The  dielectric  parameters  of  interest  have  been  related  to  the 
conductance  and  susceptance  of  an  electric  circuit  in  which  the  material 
is  a capacitive  load.  Now  it  is  necessary  to  measure  these  electrical 
parameters,  indirectly,  and  compute  the  dielectric  parameters.  This  is 
accomplished  by  measuring  the  voltage  along  a slotted  coaxial 
transmission  line  terminated  by  the  load. 

Consider  a transmission  line  as  shown  in  Figure  4-3,  with  Input 
admittance  Y^  and  terminated  by  a load  Y^.  The  incident  and  reflected 
voltages  V+  and  V",  respectively,  result  in  a sinusoidal  standing  wave 
pattern  along  the  line.  The  voltage  along  the  line  a distance  £ from 
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where 


s * 2L 

3 X 


is  the  propagation  constant.  Similarly,  the  current  along  the  line  is 

I = I+ej3C  - lVj6£. 


It  is  shown  by  Pearson  119]  that  the  admittance  of  the  load  is  given  by 

( I V -1 2 ) 


V 


Yjn  cosSil  - j sin&£ 


cosiC  - j Yin  sinsi 


The  VSWR  is  defined  as  the  ratio  of  the  standing  wave  maximum  to 
minimum  voltage.  At  a value  of  <1  corresponding  to  a voltage  minimum 
the  value  Y^  is  real  and  has  a magnitude  equal  to  the  VSWR.  Thus,  the 
sample  admittance  is  obtained  by  rewriting  equation  (IV-12)  as 


(VSWR)  cos  SxQ  - j sin  SxQ 
YL  = G + jB  = cos  SxQ  - j (VSWR)  sin  Sx  ’ 


( I V - 1 3 ] 


where  .«  is  the  null  shift,  or  difference  in  null  position,  for  the 
circuit  terminated  by  the  load  and  by  a short  "211.  This  null  shift,  due 
to  the  effective  electrical  length  of  the  sample,  is  a result  of  the 
radiation  having  a different  wavelength  in  the  sample  than  in  air. 

The  process  of  computing  the  components  of  the  complex  permittivity 
involves  measuring  the  wavelength  in  air,  VSWR,  and  null  shift.  The 
admittance  and  susceptance  are  then  found  as  the  real  and  imaginary 
parts  of  equation  (IV-13),  respectively.  The  relative  dielectric  constant 
and  loss  tangent  are  then  computed  using  the  capacitor  equations  (IV-9) 
and  (IV-11),  respectively.  These  computations  are  performed  with  the  aid 
of  the  computer  program  SL0T2,  given  in  Appendix  I.  This  lumped 
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capacitance  technique  is  considered  valid  up  to  approximately  3 GHz  and 
has  been  used  successfully  to  2.5  GHz  [22,23]. 

Experimental  Procedure 

Gelled  epoxy  resins  supplied  by  AMMRC  were  cut,  using  a diamond  core 
borer,  and  polished  to  form  thin,  disk-shaped  samples.  The  disks  made 
by  this  method  had  flat,  parallel  faces  and  were  approximately  6 mm  in 
diameter  and  0.5  mm  thick.  Following  measurement  of  their  dimensions, 
the  disk  faces  were  coated  with  silver  conducting  paint,  forming  a 
parallel  plate  capacitor.  This  sample  could  then  be  placed  between  the 
center  conductor  of  a coaxial  air  line  and  a short  circuit  termination. 
This  circuit  configuration  satisfies  the  conditions  for  analysis  by  the 
techniques  described  in  the  preceeding  section. 

The  apparatus  for  measuring  the  dielectric  properties  is  diagrammed 
in  Figure  4-4.  The  output  of  a microwave  signal  generator  was  sine  wave 


Figure  4-4:  Block  diagram  of  complex  permittivity  measurement 
apparatus. 
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modulated  at  1 KHz  by  an  audio  oscillator  and  input  to  a precision  coaxi- 
al slotted  line.  The  voltage  out  of  the  detector  diode  was  input  to  a 
phase-locked-loop  amplifier  referenced  to  the  1 KHz  modulation  signal. 

The  sample  holder,  shown  in  Figure  4-1,  was  equipped  with  an  electric 
heater  coil  and  thermocouple  fastened  to  the  outer  conductor. 

The  lock-in  amplifier  was  used  as  a voltmeter  in  order  to  measure 
the  VSWR.  The  loss  tangent  of  the  epoxies  is  such  that  the  VSWR  of  the 
capacitor  samples  is  too  high  to  measure  with  a conventional  standing 
wave  meter.  Using  the  lock-in  amplifier,  the  voltage  at  the  standing 
wave  maxima  and  minima  is  measured  directly.  The  VSWR  is  calculated  as 
their  ratio.  This  instrument  permitted  voltage  measurements  on  the 
order  of  a nanovolt. 

Thermal  dependence  of  the  complex  permittivity  was  measured  by 
connecting  a d.c.  power  supply  to  the  heater  coil  and  adjusting  the 
voltage  until  thermal  stability  was  achieved.  Sample  temperature  was 
measured  with  a copper/constantan  thermocouple  attached  to  the  sample 
holder.  The  sample  was  brought  to  thermal  equilibrium  before  measure- 
ments were  made  and  the  data  collected  as  quickly  as  possible  to  avoid 
curing  of  the  epoxy.  This  technique  provided  data  at  temperatures  from 
25  to  85°C. 

The  actual  measurement  procedure  was  as  follows: 

1.  Record  the  location  of  2 adjacent  standing  wave 
minima  for  the  standard  short  termination.  The 
distance  between  these  sharp  minima  is  equal  to 

\ wavelength  and  is  used  for  accurate  computation 
of  the  microwave  frequency. 

2.  Replace  the  standard  short  with  the  loaded  sample 
holder  and  record  the  new  position  of  one  of  the 
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minima  from  step  1.  This  distance  between  minima 
is  the  null  shift. 

3.  Record  the  voltage  at  the  node  located  in  step  2. 

4.  Record  the  voltage  at  the  maxima  adjacent  to  this 

node  and  compute  their  average. 

5.  Compute  the  VSWR  as  the  quotient  of  this  average 
voltage  and  the  voltage  measured  in  step  3. 

The  position  measurements  along  the  slotted  line  were  made  to  0.1  mm 
accuracy.  The  two  node  locations  from  step  1,  the  node  location  from 
step  2,  and  the  VSWR  from  step  5 are  required  input  data  for  the  computer 
program  SL0T2.  From  this  data,  and  the  sample  disk  diameter  and  thick- 
ness, the  relative  dielectric  constant  and  loss  tangent  are  computed. 

Resul ts 

Complex  permittivity  measurements  were  made  on  two  of  the  four  types 
of  epoxy  resins  supplied  by  AMMRC.  These  were  the  gelled  828-T403  and 
828-Z  resin/curing  agent  systems.  The  other  gelled  resins  supplied  were 

found  to  be  brittle  and  unsuitable  for  sample  fabrication.  The  relative 

dielectric  constant  and  loss  tangent  were  computed  by  the  procedure 
described  in  the  previous  section. 

The  relative  dielectric  constant  and  loss  tangent  of  the  gelled 
828-T403  resin  is  given  in  Figures  4-5  and  4-6,  respectively.  Similar 
data  for  gelled  828-Z  resin  is  shown  in  Figures  4-7  and  4-8.  These 
figures  present  data  taken  at  23,  60,  and  70  degrees  Celsius  over  the 
frequency  range  1.0  to  2.5  GHz.  The  straight  lines  through  the  curves 
give  the  average  value  of  the  measurements  and,  essentially,  are  a least 
squares  fit  to  a constant  value.  The  constant  value  of  is  expected. 


RELATIVE  DIELECTRIC  CONST. 

3.91  4.27  4.63  4.99 


a 23  DEG.  C 
□ 60  DEG.  C 
X 70  DEG.  C 


RELATIVE  DIELECTRIC  CONST. 

.20  3.56  3.91  4.27  4.63  4.99  5. 34 


A 23  DEG.  C 
□ 60  DEG.  C 
X 70  DEG.  C 


4.819 

4.686 


4.057 


"Tj/Ts 

Figure  4-7: 


1 ’.  1 0 l'.  45  l'.  80  2.  15 

FREQUENCY  (GHZ) 

Relative  dielectric  constant  of  gelled  828-Z  epoxy 
Solid  lines  and  numbers  Indicate  average  values. 


H ItMH.Uil.C',  **)•  • ■ 


LOSS  TANGENT 

7 0.26 


67 


as  was  discussed  in  Chapter  III,  since  no  anomalous  resonance  effects 
are  indicated  by  the  data. 

Actual  measurements  were  made  up  to  only  2.1  GHz  in  order  to 
preserve  accuracy.  The  short  wavelengths  involved  beyond  this  limit 
result  in  extremely  narrow  minima,  preventing  accurate  voltage  measure- 
ment at  these  positions.  Accuracy  also  suffers  due  to  the  gradual 
failure  of  lumped  circuit  analysis.  However,  since  the  data  does  not 
indicate  any  anomalous  behavior,  the  extrapolation  of  the  average  value 
to  2.5  GHz  appears  valid.  The  loss  tangent  also  appears  fairly  constant 
with  frequency,  although  the  data  shows  considerable  random  scatter. 

This  scatter  may  be  due  to  a relative  loss  of  precision  inherent  in  the 
measurements  because  of  the  extremely  small  values  of  the  loss  tangent. 

It  is  concluded  that  no  anomalous  behavior  is  observed  in  the  relative 
dielectric  constant  or  loss  tangent  at  the  frequencies  of  interest. 

The  828-T403  resin  has  an  average  relative  dielectric  constant  of 
3.456  at  23°C,  3.914  at  60°C,  and  4.013  at  70°C.  The  average  loss  tangent 
of  this  material  is  0.00128,  0.00260,  and  0.00267  at  23,  60,  and  70°C, 
respectively.  The  828-Z  resin  shows  an  average  relative  dielectric 
constant  of  4.057,  4.686,  and  4.819  and  average  loss  tangent  of  0.00261, 
0.00448,  and  0.00506  at  the  respective  temperatures,  23,  60,  and  70°C. 
Thus,  the  828-T403  has  a lower  dielectric  constant  and  loss  tangent  than 
the  828-Z  resin.  In  addition,  while  the  dielectric  constant  and  loss 
tangent  increase  with  temperature  for  both  resins,  the  rate  of  increase 
of  each  parameter  appears  faster  in  the  828-Z  than  the  828-T403. 

The  data  taken  at  23°C  on  the  828-T403  resin  appear  to  be  the 


smoothest.  This  is  because  the  results  are  an  average  of  four  trials  with 
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average  standard  deviations  of  0.031  for  the  dielectric  constant  measure- 
ments and  0.0001  for  the  loss  tangent.  This  averaging,  although  not  done 
for  all  the  measurements,  shows  that  there  is  good  repeatability  in  the 
experimental  results.  The  smoothness  of  these  curves  is  evidence  that 
there  is  no  anomalous  behavior  in  the  complex  permittivity  of  the 
materials  studied  at  the  frequencies  of  interest. 

Due  mainly  to  the  amount  of  material  available  for  sample  fabrica- 
tion, most  measurements  were  made  on  the  828-T403  resin.  Figures  4-9  and 
4-10,  respectively,  give  the  relative  dielectric  constant  and  loss  tangent 
of  cured  828-T403  in  comparison  with  the  uncured,  gelled  material  at 
23°C.  Curing  results  in  a decrease  in  electrical  loss  and  an  increase 
in  dielectric  constant,  the  average  value  of  and  tan6  being  3.548  and 
0.00103,  respectively,  in  the  cured  material.  This  phenomena  may  possibly 
be  attributed  to  formation  of  hydroxyl  groups,  as  will  be  discussed  later. 

Chapter  III  demonstrated  the  need  for  measurement  of  complex 
permittivity  as  a function  of  temperature.  Such  a measurement  was  done 
on  the  828-T403  resin,  over  the  temperature  range  of  25  to  85°C,  at 
1.5  GHz.  The  choice  of  frequency  was  somewhat  arbitrary,  as  demonstrated 
by  the  independence  of  dielectric  constant  and  loss  tangent  with 
frequency,  but  1.5  GHz  was  chosen  because  of  ease  and  precision  of  the 
measurements.  The  experimental  results  are  shown  in  Figures  4-11  and 
4-12,  the  data  normalized  to  the  25°C  values.  Although  both  and  tan6 
increase  with  sample  temperature,  the  important  feature  of  this  behavior 
is  the  relatively  large  and  monotonic  increase  in  loss  tangent.  This 
means  that  the  rate  of  microwave  heating  will  increase  with  temperature 
since  the  loss  tangent  increases  faster  than  the  dielectric  constant. 
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Figure  4-10:  Loss  tangent  of  cured  and  gelled  828-T403  epoxy. 
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It  is  assumed  the  dielectric  properties  of  the  other  epoxy  resins  behave 
in  a similar  fashion. 

In  summary,  the  dielectric  constant  and  loss  tangent  of  both  the 
828-T403  and  828-Z  resins  are  nearly  independent  of  frequency  but 
increase  with  temperature.  The  dielectric  properties  of  cured  and  uncured 
828-T403  resin  were  compared  and  the  repeatability  of  accurate  measure- 
ments demonstrated.  Finally,  the  dielectric  constant  and  loss  tangent 
of  the  828-T403  resin  were  measured  as  a function  of  temperature.  These 
data  suggest  that,  in  accordance  with  the  heating  equation  developed 
in  Chapter  III,  the  rate  of  heating  will  increase  with  temperature  since 
the  loss  tangent  displays  a relatively  larger  increase  with  temperature 
than  does  the  dielectric  constant.  Based  on  their  structural  similarity, 
it  is  assumed  the  dielectric  properties  of  the  other  epoxy  resins  will 
exhibit  similar  temperature  and  frequency  dependence. 


CHAPTER  V 


MICROWAVE  HEATING  OF  EPOXY 

The  goal  of  this  project  is  to  explain  the  mechanisms  involved  in  the 
microwave  heating  of  liquid  epoxy  resins  to  promote  a curing  reaction. 

In  order  to  supply  the  necessary  background  information  for  this  explana- 
tion, previous  chapters  have  discussed  the  basic  chemistry  of  epoxies, 
developed  an  equation  for  the  rate  of  microwave  heating  in  a dielectric, 
and  presented  the  dielectric  properties  of  the  epoxies  pertinent  to  the 
discussion  of  their  microwave  heating.  This  chapter  presents  a theoret- 
ical model  of  microwave  heating  in  the  epoxies  and  compares  these  results 
with  actual  heating  experiments.  Explanation  of  the  results  will  be 
based  on  discussions  in  the  previous  chapters. 

Microwave  Heating  in  a Multimode  Cavity 

A multimode  resonant  cavity,  such  as  a microwave  oven,  is  one  in 
which  many  modes  of  oscillation  are  present  simultaneously.  These  modes 
superimpose  to  produce  a standing  wave  pattern  in  the  cavity.  Associated 
with  this  microwave  heating  device  are  the  advantages  of  having  a uniform 
electric  field  over  a large  volume  and  high  conversion  efficiency  of 
microwave  power  into  heat  [24].  The  theory  of  mode  generation  in  a 
multimode  cavity  is  analogous  to  the  acoustic  theory  presented  by 
Bolt  [25]  and  Maa  [26].  Multimode  cavity  design  considerations  are 
given  by  Morin  [27],  James  et  al.  [24],  and  Puschner  [12].  The  theory 
of  microwave  heating  in  this  type  of  resonant  cavity  will  now  be 
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presented . 

Consider  an  air  filled  resonant  multimode  cavity  that,  by  design, 
has  a uniform  electric  field  over  the  central  volume.  If  there  is  no 
dielectric  load  in  the  cavity,  all  power  is  reflected  back  to  the  source 
due  to  the  total  impedance  mismatch.  However,  if  the  cavity  contains  a 
dielectric  load,  some  of  the  power  will  be  absorbed  and  converted  into 
heat  in  the  material.  Not  all  the  power  will  be  absorbed  since,  in 
general,  there  is  still  an  impedance  mismatch.  The  amount  of  power 
absorbed  by  a dielectric  of  volume  V$  is 

PL0SS  = we0eR  tan6Eo2vs’ 

where  EQ  is  the  field  amplitude  in  the  sample  and  and  tan6  are  the 
material  properties  [12].  The  rate  of  heating  associated  with  this 
power  absorption,  as  derived  in  Chapter  III,  is 

Although  the  dielectric  constant  and  loss  tangent  of  the  epoxies  are 
known  as  functions  of  frequency  and  temperature,  the  electric  field 
amplitude  in  the  dielectric  must  also  be  known  for  equation  ( 1 1 1 -20) 
to  be  useful.  Alternatively,  the  relation  can  be  expressed  in  terms  of 
the  free  space  electric  field.  For  heating  in  a resonant  multimode 
cavity,  it  will  be  assumed  that  the  electromagnetic  field  is,  in  effect, 
normally  incident  on  a dielectric  sample.  For  this  condition,  the 
electric  field  amplitude  in  the  material  is  related  to  the  free  space 
amplitude  En  by 

wcc 
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Substituting  equation  (V-2)  into  equation  (III -20 ) gives 

wVSe0E0 

dT  . * u UFS  tan  6(T)  ^ 

at-~2ic7 ejttT-  (V’3) 

The  free  space  amplitude  E„  can  be  found  by  experiment,  as  will  be 

UFS 

discussed  later. 

Solution  of  equation  (V-3)  gives  the  rate  of  microwave  heating  in 
a dielectric.  For  the  case  of  the  epoxies,  analytical  expressions  for 
tan  6(T)  and  ep(T)  have  been  obtained  by  curve  fitting  the  experimental 
data.  Measurement  of  the  value  of  the  free  space  electric  field 
amplitude  will  be  explained  shortly.  It  is  therefore  possible  to  obtain 
a theoretical  model  of  sample  temperature  as  a function  of  irradiation 
time. 

A numerical  approximation  for  the  solution  of  internal  sample 
temperature  as  a function  of  irradiation  time  can  be  made  using  equation 
(V-3).  Assume  a sample  has  an  initial  temperature  TQ  at  time  tQ  and  let 
successive  times  tj,  t2»  t3,  ...  have  corresponding  temperatures  Tj , T^, 

Tj,  For  a sufficiently  small  difference  between  successive  times. 

At,  the  temperature  at  time  tn  is 
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Equation  (V-4)  is  used  in  the  computer  program  TEMPTHEORY,  given 
in  Appendix  I,  to  provide  a theoretical  model  of  microwave  heating  of 
the  epoxies  with  which  experimental  results  are  compared.  The  program 
uses  equation  (V-l)  to  limit  the  maximum  power  absorbed  by  the  theoret- 
ical sample.  Use  of  the  functions  describing  temperature  dependence  of 
the  complex  permittivity  was  confined  to  valid  limits. 

Experimental  Microwave  Heating  Measurements 

The  microwave  heating  phenomena  in  the  uncured  epoxies  proved  quite 
complex.  In  order  to  explain  this  behavior,  it  was  necessary  to  generate 
experimental  heating  curves  by  measuring  the  temperature  of  a sample 
undergoing  cure  by  microwave  heating.  The  high  power  microwave  source 
used  for  these  experiments  was  a conventional  microwave  oven,  operated 
at  2.45  GHz,  with  two  available  power  settings  of  245  and  700  watts. 

The  oven  was  modified  by  the  introduction  of  a shielded  thermocouple  into 
the  cavity.  The  thermocouple  entered  the  cavity  via  a waveguide, 
attached  to  the  exterior  of  the  cavity  wall,  whose  length  and  cut  off 
frequency  were  sufficiently  large  to  prevent  radiation  leakage  at  the 
operating  frequency.  The  thermocouple  was  placed  in  a glass  tube  and 
inserted  into  the  sample.  Thermocouple  voltage  was  monitored  with  a 
chart  recorder  during  heating.  This  technique  was  used  to  produce  the 
heating  curves  that  follow. 

The  modeling  technique  discussed  in  the  previous  section  was  used  to 
compare  the  experimental  heating  curves  with  those  anticipated  based  on 
the  dielectric  measurements  of  Chapter  IV.  In  order  to  accomplish  this, 
it  is  necessary  to  measure  the  free  space  amplitude  of  the  electric  field 
in  the  oven.  This  was  accomplished  by  measuring  the  heating  curve  for  a 
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30  ml  sample  of  distilled  water.  By  measuring  the  slope  of  the  initial, 
low  temperature  portion  of  this  heating  curve,  and  using  the  known  loss 
tangent  and  dielectric  constant  of  pure  water,  equation  (V-3)  can  be 
solved  for  the  free  space  electric  field  amplitude.  The  results  of  these 
measurements  were 

En  = 1.62  x 105  V/m  at  245  U 
UFS 

and  En  = 2.69  x 105  V/m  at  700  W 

rS 

These  values  were  used  in  the  program  TEMPTHEORY  to  predict  the  heating 
behavior  of  the  epoxies. 

Microwave  heating  in  the  828-T403  and  828-Z  epoxy  systems  was 
studied  by  this  technique  and  the  experimental  results  are  presented  in 
the  next  section.  Direct  microwave  heating  experiments  were  not 
performed  on  the  other  epoxy  systems  of  interest.  The  reason  for  this 
was  that  no  complex  permittivity  data  was  available,  either  from  the 
literature  or  by  experiment,  for  use  in  modeling  the  heating  behavior. 
Since  the  modeling  is  necessary  for  interpretation  of  the  experimental 
results,  any  conclusions  based  on  these  experiments  would  be  invalid. 
However,  based  on  the  similarities  In  the  general  nature  of  epoxies, 
and  the  experimental  results  that  are  presented,  it  is  conjectured  that 
the  conclusions  drawn  from  these  experiments  apply  to  all  four  epoxy 
systems  under  consideration  by  AMMRC. 

Results 


The  experimentally  determined  data  on  microwave  heating  in  the  uncured 
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epoxies  at  245  W,  and  the  theoretical  modeling  results,  are  presented  in 
Figures  5-1  through  5-3.  Figures  5-1  and  5-2  show  the  heating  of  two 
30  ml  samples  of  828-T403  epoxy  while  Figure  5-3  shows  the  heating  in 
30  ml  of  828-Z.  It  is  seen  from  these  curves  that  the  curing  reaction 
is  exothermic  since  the  sample  temperature  continues  to  increase  after 
the  microwave  source  is  turned  off.  In  the  case  of  the  828-Z  epoxy 
(Figure  5-3),  this  temperature  increase  is  dramatic.  In  each  of  these 
experiments,  visual  observation  showed  that  the  epoxy  samples  did  not 
solidify  until  after  the  oven  was  turned  off  and  the  reaction  was 
proceeding  exothermically.  In  each  sample,  the  heating  was  of  such 
intensity  that  the  samples  boiled  before  hardening,  the  vapor  bubbles 
being  trapped  in  the  solidified  epoxy. 

In  order  to  illustrate  the  rate  of  change  in  sample  temperature  during 
the  heating  and  curing  process.  Figures  5-4  through  5-6  show  the  slope 
of  the  heating  curves  given  in  Figures  5-1  through  5-3,  respectively. 
Notice  the  rapid  increase  in  slope  at  the  lower  temperatures,  correspond- 
ing to  the  concave  upward  initial  portion  of  the  heating  curve.  Also 
note  the  increase  in  slope,  due  to  heat  produced  by  exothermic  reaction, 
after  the  microwave  source  is  turned  off.  The  central  portions  of  the 
heating  curves  appear  to  be  of  approximately  constant  slope  or  slightly 
concave  downward. 

Two  model  curves,  designated  by  solid  lines,  are  shown  with  the 
experimental  curve  in  Figures  5-1  through  5-3.  Both  of  these  models  were 
generated  using  the  experimentally  determined  values  of  c^.  However,  the 
lower,  concave  upward  curve  in  each  figure  was  obtained  using  the 
experimental  values  for  tanfi  while  the  upper  curve  was  obtained  assuming 


Figure  5-1:  Experimental  microwave  heating  in  30  ml  of  828-T403 

at  245  W and  2.45  GHz.  Solid  lines  show  models  based 
on  the  loss  tangent  of  gelled  samples  (0)  and  pure 
water  (A). 
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5:  Slope  of  experimental  heating  curve  from  Figure  5-2 
versus  temperature. 
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Figure  5-6:  Slope  of  experimental  heating  curve  from  Figure  5-3 
versus  temperature. 
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the  epoxy  displayed  the  loss  tangent  of  distilled  water,  given  as 

i.,  n , _ 3^26 

tan  6H20  ' T 

at  2.45  GHz  [7].  It  is  obvious  from  the  graphs  that  the  loss  tangent 
of  the  uncured  epoxy  is  best  described  by  that  of  distilled  water. 

Figures  5-1  and  5-3  show  excellent  agreement  with  this  model  while 
Figure  5-2  suggests  a loss  tangent  of  intermediate  value.  The  important 
aspect  of  this  data  is,  however,  that  the  shape  of  the  experimental 
heating  curve  is  best  described  by  the  model  based  on  the  loss  tangent 
of  water  rather  than  that  of  the  gelled  epoxy  reported  in  the  previous 
chapter.  The  reasons  for  this  unexpected  microwave  heating  behavior  and 
the  deviations  of  experimental  results  from  even  this  proposed  model 
must  now  be  examined. 

In  the  analysis  of  a similar  problem  involving  the  microwave  heating 
of  wet  wood,  Voss  [7]  indicates  that,  based  on  the  theory  of  mixed 
dielectrics,  a mixture  of  water  and  a material  with  low  loss  and  dielec- 
tric constant  will  exhibit  a very  large  loss  tangent  and  a low  dielectric 
constant.  Recall  that  the  curing  process  in  epoxies  involves  inter- 
mediate reactions  whose  byproducts  include  hydroxyl  groups  and  water. 

The  formation  of  these  dipolar  species  during  cure  could  result  in  the 
epoxy  displaying  a bulk  loss  tangent  approaching  that  of  pure  water, 
while  the  bi'lk  dielectric  constant  remains  very  low.  Voss  [7]  also 

v> 

reports  observations  on  low  loss  plastics  showing  the  loss  tangent  of 
the  bulk  material  to  rapidly  approach  that  of  pure  water.  Thus  it  is 
concluded  that,  during  cure,  the  microwave  heating  behavior  of  the 
epoxies  is  governed  by  a bulk  loss  tangent  close  to  that  of  pure  water 


and  a dielectric  constant  typical  of  the  material.  These  effects  result 
in  a rate  of  heating  much  more  rapid  than  that  of  water. 

Although  the  observed  microwave  heating  curves  for  the  epoxy  during 
cure  generally  agree  with  the  proposed  model,  it  is  necessary  to  discuss 
anomalies  in  the  data.  Some  deviation  between  experiment  and  theory  may 
be  due  to  errors  inherent  in  the  model  for  several  reasons.  For  instance, 
the  free  space  electric  field  in  the  cavity  was  determined  experimentally 
and  with  the  aid  of  simplifying  assumptions.  In  addition,  data  for  the 
specific  heat  as  a function  of  sample  temperature  were  not  available. 

The  best  available  value  of  0.4  cal/gm°C  was  used  for  this  parameter. 

The  model  also  assumes  the  ideal  condition  that  full  power  of  245  watts 
is  available  for  absorption  by  the  sample.  This  is  undoubtedly  not  the 
case  due  to  impedance  mismatch  and  losses  inherent  in  the  microwave  oven 
itself.  Also,  there  is  no  consideration  for  exchange  of  heat  between  the 
sample  and  the  air  in  the  cavity.  These  considerations  result  in 
experimental  error  that  cannot  be  accounted  for  and  undoubtedly  result  in 
some  deviation  of  the  model  from  the  experimental  curve. 

The  sources  of  error  discussed  above  do  not  take  into  account  the 
major  sources  of  deviation  between  experiment  and  model.  The  model  is 
in  good  agreement  with  the  experimental  results  at  the  lower  temperatures. 
At  higher  sample  temperatures,  however,  the  slope  of  the  experimental 
curve  decreases  and  the  deviation  from  the  model  increases.  This  occurs 
at  approximately  50°C  for  the  828-T403  samples  and  75°C  for  the  sample  of 
828-Z.  It  is  proposed  that  some  of  the  energy  absorbed  by  the  epoxy 
at  these  temperatures  goes  to  promoting  a chemical  reaction  rather  than 
being  lost  as  heat.  This  results  in  an  observed  decrease  in  the  slope  of 
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the  heating  curve.  In  addition,  the  increase  in  as  the  material  cures, 
as  discussed  previously,  may  be  partially  responsible  for  this  decrease 
in  slope. 

During  these  portions  of  the  heating  cycle,  hydroxyl  groups,  and 
possibly  even  water,  present  in  the  original  epoxy  resin  and  produced  as 
byproducts  of  intermediate  reactions,  effectively  create  a mixed  dielec- 
tric and  result  in  a bulk  loss  tangent  close  to  that  of  pure  water.  At 
a certain  temperature,  it  appears  that  an  exothermic  reaction  becomes 
dominant  and  increases  the  sample  temperature  rather  dramatically, 
eventually  resulting  in  boiling.  It  is  speculated  that  the  large  amount 
of  energy  absorbed  by  the  epoxy  in  a relatively  short  period  of  time 
promotes  a sequence  of  exothermic  chemical  reactions.  These  reactions 
proceed  very  rapidly,  due  to  the  large  amount  of  available  energy, 
resulting  in  a very  large  increase  in  temperature. 

In  summary,  it  is  proposed  that  the  microwave  heating  behavior  of 
the  epoxies  is  governed  by  a bulk  loss  tangent  very  close  to  that  of 
pure  water  and  a low  dielectric  constant  as  was  determined  by  experiment. 
This  results  in  very  rapid  heating  of  the  material  with  large  amounts  of 
energy  absorbed  in  a short  period  of  time.  As  a result,  the  associated 
chemical  reactions  proceed  rapidly  and  cause  dramatic  heating  and 
solidification  of  the  samples. 


CHAPTER  VI 


CONCLUSIONS 

This  report  has  presented  the  results  of  an  investigation  of  the 
mechanisms  involved  in  microwave  heating  of  epoxy  systems  in  order  to 
promote  their  cure.  The  purpose  of  this  work  concerns  the  possible 
application  of  this  heating  method  to  the  curing  of  thick  fiberglass/ 
epoxy  laminates.  This  chapter  will  summarize  the  material  previously 
presented  as  it  pertains  to  this  application. 

A discussion  of  the  basic  properties  and  chemistry  of  epoxy  resins 
has  been  presented  with  special  attention  given  to  the  chemical  species 
pertinent  to  their  Interaction  with  the  microwave  field.  It  was  noted 
that  the  curing  reactions  are  generally  quite  complex  and  depend  on  the 
particular  resin  and  curing  agent  under  consideration.  The  main  feature 
of  interest  is  the  presence  of  alcoholic  hydroxyl  groups  in  the  original 
resins  and  the  formation  of  additional  hydroxyl  groups,  as  alcohols  or 
water  molecules,  during  the  curing  process. 

The  concepts  of  dielectric  polarization  and  complex  permittivity, 
due  to  the  action  of  a time  dependent  electric  field  on  the  material, 
were  then  developed.  Since  the  effects  of  microwave  frequency  radiation 
on  dipolar  species  in  an  amorphous  material  is  of  interest,  Debye's 
theory  of  dielectric  materials  was  presented.  From  these  concepts,  a 
relation  for  the  rate  of  change  In  temperature  of  a dielectric  sample 
experiencing  an  electric  field  was  developed  in  terms  of  both  material 
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and  field  dependent  parameters. 

Since  the  rate  of  microwave  heating  depends  on  the  dielectric  constant 
and  loss  tangent  of  the  epoxies,  it  was  necessary  to  measure  these  param- 
eters as  functions  of  both  microwave  frequency  and  sample  temperature. 

These  measurements  were  made  on  gelled  samples  of  two  epoxy  systems  and 
the  results  are  presumed  representative  for  all  four  epoxy  systems  under 
investigation.  A technique  for  modeling  the  microwave  heating  behavior 
of  the  epoxies  was  developed  from  the  derived  relations.  Experimental 
high  power  heating  studies  show  best  agreement  with  a model  based  on  the 
assumption  that  the  curing  epoxies  exhibit  a bulk  loss  tangent  close  to 
that  of  pure  water,  rather  than  the  value  measured  for  the  gelled  epoxy, 
and  a dielectric  constant  in  the  same  range  as  that  of  the  gelled  material. 
This  phenomena  is  attributed  to  the  presence  of  hydroxyl  groups  in  the 
material  which  effectively  result  in  a mixed  dielectric.  Anomalies  in 
the  experimental  heating  curve  are  postulated  as  being  due  to  the 
promotion  of  the  chemical  reactions  involved  in  the  cure. 

The  reasons  for  the  significant  difference  between  the  measured 
values  of  the  loss  tangent  and  the  values  observed  in  high  power  heating 
experiments  are  not  clear.  The  most  plausible  explanation  is  that  the 
gelled  samples  used  for  the  measurements  exhibited  dielectric  properties 
representative  of  cured  rather  than  uncured  epoxy.  Based  on  the 
experimental  results  and  the  related  microwave  heating  studies  cited, 
it  is  concluded  that  microwave  heating  in  the  uncured  epoxies  is  due  to 
energy  absorption  by  dipolar  hydroxyls  resulting  In  extremely  rapid 
heating.  Since  experiments  indicate  the  uncured  epoxies  have  a loss 
tangent  close  to  that  of  pure  water  and  a low  dielectric  constant  given 
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by  the  experimental  values,  the  depth  of  penetration  in  the  curing 
epoxies,  given  by  equation  (III-21),  has  a minimum  value  of  approximately 
4 cm. 

The  work  presented  in  this  report  leads  to  the  conclusion  that 
the  use  of  microwave  heating  to  promote  the  cure  of  thick  fiberglass/ 
epoxy  laminate  structures  is  a viable  alternative  to  conventional  methods. 
The  depth  of  penetration  of  the  electric  field,  as  indicated  by  the 
observed  dielectric  properties  of  the  pure  epoxy,  should  be  satisfactory 
for  the  uniform  cure  of  the  material.  Although  the  problem  of  reflections 
caused  by  the  laminate  structure  is  not  addressed  in  this  report,  it 
should  be  of  little  consequence  if  the  thickness  of  each  lamination  is 
small  compared  to  the  wavelength  of  radiation.  This  condition  should  be 
satisfied  at  conventional  microwave  heating  frequencies.  If  these 
reflections  prove  to  be  a problem,  they  could  be  reduced  by  matching  the 
dielectric  constants  of  the  glass  and  epoxy.  In  practice,  it  would  be 
necessary  to  control  the  heating  process  in  order  to  prevent  the  thermal 
runaway  shown  in  the  high  power  heating  experiments.  This  effect  is 
believed  to  result  from  extremely  rapid  promotion  of  the  exothermic 
curing  reactions.  It  Is  speculated  that  the  conclusions  of  this  research 
are  valid  for  all  the  epoxies  of  concern. 

It  may  be  possible  to  measure  the  dielectric  properties  of  the 
epoxies  as  a function  of  degree  of  cure  by  infrared  techniques.  This 
data  could  be  used  to  accurately  predict  the  heating  behavior  for 
comparison  with  experiment.  Such  techniques  and  investigations  were 
beyond  the  scope  of  this  effort. 
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c 

c 

C PROGRAM  TEHPTHEORY 

C 

C MODEL  OF  TEMPERATURE  OF  A DIELECTRIC  SAMPLE  HEATED 
C BY  MICROWAVE  RADIATION  AT  2.45  GHZ. 

C 

C ALOSS  * LOSS  TANGENT  OF  SAMPLE  NORMALIZED  TO  ROOM  TEMP. 

C EPR  = RELATIVE  DIELECTRIC  CONST.  OF  SAMPLE  (NORM.  TO  RM  TEMP) 

C N = NUMBER  OF  DATA  POINTS 

C DELTA  = TIME  INCREMENT  BETWEEN  EACH  OF  THE  N POINTS 
C EPCON  =*  ROOM  TEMP  RELATIVE  DIELECTRIC  CONST.  OF  SAMPLE 

C ALCON  = ROOM  TEMP  LOSS  TANGENT  OF  SAMPLE 

C INDEX  ■ INCREMENT  OF  DATA  POINTS  OUTPUT 

C ESAMP  = ELECTRIC  FIELD  AMPLITUDE  IN  SAMPLE 

C 

C DC  = RELATIVE  DIELECTRIC  CONST.  AS  A FUNCTION  OF  TEMP 
C ALT  = LOSS  TANGENT  AS  A FUNCTION  OF  TEMPERATURE 
C 

c dcb:  f:i  i/o  device 

C FJ2  PLOT  FILE 

C 

C 

DIMENSION  TEMP(500) »TIME<500) 

INTEGER  YES. NO 

DATA  YES.NO/4HY  » 4HN  / 

DATA  EPO . PI . FREQ/8 . 854E- 1 2.3.14159,2. 45E09/ 

C 

C INITIALIZE  PARAMETERS 

C 

W«=2.*PI*FREQ 
5 WRITE (1,100) 

READ (1,101)  EPCON , ALCON , AMASS , VOL , CV , PMAX 
IF (PMAX  .EO.  245.)  EAIR=1.62E05 
IF(PMAX  • EQ • 700.)  EAIR=2.69E05 

8 WRITE ( 1 , 108 ) 

READ ( 1 , 105 ) TEMP ( 1 ) , TIME ( 1 > , DELTA ,N 
TLIM=85. 

C 

C COMPUTE  TEMPERATURE/TIME  CURVE 

C 

X«0 . 2389*W*V0L*EP0/ ( 2 . *AMASS*CV ) 

DO  12  1=2, N 

TIME(I)=TIME(1 >+( 1-1 )*DELTA 
IF(TEMPd-l)  .LT.  TLIM)  GO  TO  9 
CALL  CALC(TLIM, EPR. ALOSS) 

GO  TO  10 

9 CALL  CALC(TEMPd-l), EPR, ALOSS) 

10  DC-EPC0N4EPR 
ALT«AtCON*ALOSS 
ESAMP  >*E  AIR/DC 

C 

C CHECK  POWER  LOSS 

C 

PL0SS«W*EP0*DC*ALT*V0L*E5AMP*ESAMP 
IF ( PLOSS  .LE.  PMAX)  GO  TO  12 
ESAMP-SQRT ( PMAX/ ( W*EPO*DC*ALT*VOL ) ) 

12 TEMP(I)«X*DC*ALT*ESAMP*ESAMP*DELTA+TEMPd-l) 
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OUTPUT  COMPUTED  DATA 
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C 

c 


20 


25 

C 

c 

c 


30 


35 

C 

C 

C 

30 


40 

C 

C 

c 

100 


101 

102 

103 

104 

105 

106 

107 

108 

109 

110 


INDEX=4 
WRITE (It  103 ) 
WRITE <1  * 102 ) 
J*1 

J-J+INDEX 
IF ( J .GE.  N) 
WRITE  <1  * 102 ) 
00  TO  20 
WRITE ( 1 * 102) 


TIME< 1 ) *TEMP< 1 ) 

00  TO  25 

TIME  < J) * TEMP( J) 

TIME(N) tTEMP(N) 


BUILD  PLOT  FILE 


WRITE (1*106) 

READU.110)  I PLOT 

IF ( IPl.OT  .NE.  YES)  GO  TO  38 

WRITE (1  * 109  > 

READ(1>101>  NUM 
INDEX=N/NUM 

WRITE (2* 101 ) T I ME  U ) * TEMP < 1 ) 
J=1 

K0UNT=2 
J= J+INDEX 

IF ( J .GE.  N)  GO  TO  35 
WRITE (2*101)  TIME < J) » TEMP< J) 
KOUNT=KOUNT  + 1 
GO  TO  30 

WRITE (2*101)  T I ME  < N ) * TEMP  < N ) 
WRITE(2r 101 ) KOUNT 

CONCLUDE  PROGRAM 

WRITE (1*104) 

READU.110)  ISTOP 

IF< ISTOP  .EQ.  YES)  GO  TO  40 

WRITE< 1 * 107) 

READ (1.110)  ISTOP 

IF< ISTOP  .EQ.  YES)  GO  TO  5 

GO  TO  8 

STOP 


FORMATS 


FORMAT < 1H0* ' INPUT S RELATIVE  DIELECTRIC  C0NSTANT'/9Xf 
l 'LOSS  TANGENT '/9X» 'SAMPLE  MASS  IN  GRAMS ' /9X» ' SAMPLE  VOLUME' 
*'  IN  CUBIC  METERS'/9Xr 'SAMPLE  SPECIFIC  HEAT  IN  CAL/GRAM/' 

I 'DEG  C'/9Xr 'MAXIMUM  POWER  <245  OR  700)  WATTS '/9X» 'FORMAT < ' 
t'7G>  ' ) 

FORMAT (6G) 

FORMAT (F8 . 2r 4X»F8. 2 ) 

FORMATUHO. 'TIME  < S ) ' » 3X » ' TEMP  <DEG  C)'> 

FORMAT <1 HO r 'STOP?  <Y/N)') 

FORMAT (3G> 1 1 ) 

F0RMAT<1H0» 'BUILD  A PLOT  FILE?  <Y/N)'> 

FORMAT<lHOt 'RESET  SAMPLE  PARAMETERS?  <Y/N)') 

FORMATUHO* 'INPUT  INITIAL  TEMP  AND  TIME*  TIME  INCREMENT*' 
t» 'TOTAL  NO.  OF  DATA  POINTS '/ 'F0RMAT<3G» II )' ) 

FORMATUHO* 'INPUT  NO.  OF  POINTS  TO  BE  PLOTTED') 

FORMAT <A1> 

END 
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SUBROUTINE  CALC <T,EP» DELTA) 

C 

C 

C COMPUTES  RELATIVE  DIELECTRIC  CONSTANT  OF  828-T403 

C EPOXY  (NORM.  TO  ROOM  TEMP.)  AND  LOSS  TANGENT  OF  PURE 

C WATER  AT  2.45  GHZ. 

C 

C EP  - RELATIVE  DIELECTRIC  CONSTANT 

C DELTA  = LOSS  TANGENT 

C T - TEMPERATURE 

C 
C 

A4*5 . 30783E-08 
A3=-l • 19546E-05 
A2-9.40779E-04 
Al=-2.89786E-02 
AO=l. 30222 

EP=A4*T**4 . +A3*T**3 . +A2*T*T+A1*T+A0 

DELTA=3.2A/T 

RETURN 

END 


SUBROUTINE  CALC(T .EP. DELTA) 


C 

C 

C 

C 

c 

c 

c 

c 

c 

c 

c 

c 


COMPUTES  LOSS  TANGENT  AND  RELATIVE  DIELECTRIC  CONSTANT 
OF  828-T403  EPOXY  AS  A FUNCTION  OF  TEMPERATURE  AT  2.45  GHZ. 


EP  * RELATIVE  DIELECTRIC  CONSTANT 
DELTA  « LOSS  TANGENT 
T - TEMPERATURE 


VALUES  OUTPUT  ARE  NORMALIZED  TO  THE  ROOM  TEMP.  VALUE 


A4=5 . 30783E-0S 
A3=-l • 19546E-05 
A2=9 • 40779E-04 
A1—2.897B6E-02 
AO-1 .30222 

EP=A4*T**4 . +A3*T**3 . +A2*T*T+A1*T+A0 

82=2 . &9730E-07 

81=1 . 85714E-05 

80=4 • 68232E-04 

DELTA=B2*T*T+B1*T+B0 

DELTA=DELTA/0.0012 

RETURN 

END 
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PROGRAM  SL0T2 

COMPUTE  DIELECTRIC  CONSTANT  AND  LOSS  FROM 
COAXIAL  SLOTTED  LINE  DATA 

X = POSITION  OF  SHORTED  MINIMUM  TOWARD  I3EN 
PI  = POSITION  OF  SHORTED  MINIMUM  TOWARD  SHORT 
P2  = POSITION  OF  MINIMUM  PI  WITH  LOADED  LINE 
VSWR  » VSWR  OF  LOADED  LINE 

N = NUMBER  OF  DATA  POINTS 

ADATA  = 60  CHARACTER  ALPHANUMERIC  LABEL 

DIA  = SAMPLE  DIAMETER  IN  CM 

T = SAMF'l  E THICKNESS  IN  CM 

COR!.  = SAMPLE  HOLDER  LENGTH  CORRECTION  TERM 


DIMENSION  ADATA ( 30 > 

COMPLEX  R.YL 
PI=3. 14159 
READ(5» 106  > ADATA 
READ ( 5 » 100 ) D I A » T 
WRITE (1.1 04)  ADATA 
RFAD< 5. 101 > N 
C0RL=1 .98 
DO  SO  1=1. N 

RF AD(5» 102)  X.P1.P2.VSUR 
WL=(P1-X>*2. 

FREQ=3.E10/WL*1 .E-6 
YIN  -VSWR 

BETA=2 . *P I /WL*  ( P 1 -P2+C0RL ) 

C=SIN  < BET  A ) 

D=COS ( BETA ) 

R=CMPLX<0. »C) 

YL= . 02*  < YIN*D-R ) / < D-YIN#R ) 

G=REAL < YL  > 

B=AIMAG(  Yl.  > 

CAP=D/(2.*PI*FREQ*1 .E0A>*1 .E12 
AREA=PI/4*DIA**2./1000O. 

EP=B*T*1  . E-8/  ( 3. 8542E-12*2.  *PI*F"REO#AREA ) + . 0005 
TNDEL=G/B 

50  WRITE (1.105)  FREQ. G.B. CAP. EP.TNDEL 

100  FORMA rC'Fl 0.7) 

101  FORMAT  < 13) 

102  FORMAT  ( 4F'10 . 3 > 

104  FORMAT ( 1H0//. 'DIELECTRIC  PROPERTIES  OF ' // . 5X» 30A2. 

*///. 'FREQUENCY' .3X. 'CONDUCTANCE ' »3X» ' SUSCEPTANCE ' »3X» 'CAPACITANCE' 
».3X. 'DIELECTRIC' .5X» 'LOSS' . 

*/.2X. ' (MHZ) ' , 7X»  ' (MHOS) ' »3X. ' (MHOS)' .9X. ' (PF)' .8X . 'CONSTANT ' ,5X . 'T 
•ANGENT ' / > 

105  FORMA T(r7.1 »E16 . 4 . E14 . 4 .FI 1 .3,F 13.3.E15.4) 

106  F ORMA  r ( 30A2 ) 

STOP 

END 
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